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SYSTEM AND METHOD FOR GENERATING
AND/OR SCREENING POTENTIAL
METAL-ORGANIC FRAMEWORKS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application Ser. No. 61/504,925, which was filed on 6 Jul.
2011, and 1s entitled “System And Method For Generating
And/Or Screening Potential Metal-Organic Frameworks™
(the “’925 Application™). This application also 1s related to
U.S. Application Serial No. WW/ WWW . WWW, PCT Appli-
cation No. PCT/US, and PCT Application No. PCT/USYY/
YYYYY, each of which was filed on 6 Jul. 2012, and 1s
entitled “System And Method For Generating And/Or
Screening Potential Metal-Organic Frameworks™ (the
““WWW Application,” the ““XXX Application,” and the
“YYY Application,” respectively). The entire disclosures of
the 925 Application, the "WWW Application, the XXX
Application, and the YYY Application are incorporated by
reference into this application.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This mnvention was made with government support
under HDTRA1-09-1-0007 awarded by Defense Threat
Reduction Agency and DE-FGO02-08ER15967 awarded by
Department of Energy. The government has certain rights 1n
the invention.

BACKGROUND

[0003] Highly porous materials have found widespread
application 1n the manipulation of small molecules for gas
storage, separating mixtures, catalysis, analysis, and detec-
tion. Among the many types of porous materials, metal-or-
ganic frameworks (MOFs) can provide exceptional charac-
teristics or material properties. MOF's include porous crystals
created from modular molecular “building blocks,” which
can, 1n principle, be combined 1n an almost unlimited number
of combinations. MOFs can provide exceptional characteris-
tics or material properties, not only with regard to their rela-
tively high surface area, porosity and stability, but also for the
case with which the MOFs can be synthesized based on
designs conceived a priori. This latter benefit stems from the
use of modular molecular “bulding blocks™ that seli-as-
semble 1nto predictable crystal structures. Due to this predict-
ability and the abundance of known modular building blocks,
there have been reports of novel MOF's over the past few years
and many 1n-depth investigations of their properties and func-
tionality. While these reports showcase the success of the
modular building block approach, they also belie the under-
lying combinatorial difficulty of finding the MOF with
desired material properties for a given application, such as
improved material properties or the best material properties
tor the application.

[0004] Our work shares much 1n spirit with at least one
known database of hypothetical zeolites that was recently
rapidly screened for gas adsorption properties. However, syn-
thesis of such novel zeolites can be sigmificantly more diifi-
cult than novel MOFs. For example, it 1s believed that less
than 200 different zeolite structures have been synthesized to
date, compared to thousands of MOFs over a much shorter
time period.

Jun. 6, 2013

[0005] As there are millions of possible MOFs even when
considering libraries of fewer than one hundred building

blocks, it can be difficult and time-consuming to find the
MOF or MOFs having desired properties that are better than
other MOF's or the best for a particular application.

BRIEF DESCRIPTION

[0006] Past investigations into MOFs have focused on a
relatively small fraction of the possible combinations of
building blocks. In accordance with one or more embodi-
ments of the presently described mmventive subject matter,
systems and methods for computationally generating all, or at
least a substantially large number, of conceivable (e.g., hypo-
thetical or potential) MOFs from a given chemical library or
corpus of building blocks. In one aspect, one or more of these
potential MOFs (e.g., MOFs of interest) are screened to find
one or more candidate MOF's for a given application or to find
the MOFs likely to exhibit one or more characteristics of
interest that are relevant to a given application. In one
embodiment, 137,953 hypothetical or potential MOFs are
generated and the pore size distribution, surface area, and
methane storage capacity 1s calculated for the hypothetical
MOFs. As used herein, the term “hypothetical” includes pre-
dicted or potential MOFs, and 1s not limited to imaginary or
impossible MOFs. For example, a hypothetical MOF can
include an MOF that 1s generated using one or more embodi-
ments described herein and that may be actually formed. In
addition to finding novel structure-property relationships,
over 300 MOFs with better methane storage capacity than
several or all known materials have been discovered using one
or more embodiments of the systems and methods described
herein. One or more of these MOPs had a capacity almost
50% higher than the U.S. Department of Energy target of 180
cm’(STP)/cm”. Methyl-functionalized MOFs were fre-
quently the top performers, and a MOF referred to as NOTT-
107 1s identified as a promising methane storage material. The
predicted capacity of this MOF was experimentally con-
firmed.

[0007] Inaccordance with one embodiment of the inventive
subject matter described herein, the predictable assembly of
building blocks into MOFs 1s used to systematically generate
a relatively large number of possible structures (within one or
more constraints, as described below) given an input library
of building blocks. The material properties or characteristics
of these possible MOF's can be predicted using computational
simulations. A range of material properties can be predicted
for these MOFs, such as surface area, pore volume, pore size
distribution, powder x-ray diffraction pattern, adsorption
capability (e.g., methane adsorption capability, carbon diox-
1de adsorption capability, and the like). In doing previously
unmidentified structure-property relationships may be discov-
ered.

[0008] In addition to identifying structure-property rela-
tionships, one or more of the possible MOFs may be 1denti-
fied as MOFs of interest that can be more usetul for a repre-
sentative, specific application (such as but not limited to
methane storage) relative to one or more other existing MOPs
and/or possible MOFs. In one embodiment, the NOTT-107
MOF 1s 1dentified and synthesized based on structure-prop-
erty insights from the database generated by one or more
embodiments described herein. This MOF 1s predicted to
have better methane storage capacity at 35 bar than one or
more other MOFs, such as PCN-14, a MOF having a known

methane storage capacity that 1s relatively high. An experi-
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mental adsorption 1sotherm agrees well with these predic-
tions, thus demonstrating the accuracy and utility of the sys-
tematic approach described herein in accordance with one
embodiment. Various other MOFs, such as NU-125 and
MOF-1, were 1dentified and predicted to provide enhanced
sorption and storage capacities, synthesized and subse-
quently tested to validate one or more predictive aspects of the
inventive subject matter.

[0009] In accordance with one embodiment, a system for
generating and/or screening one or more potential MOFs 1s
provided. The system includes a generation module that 1s
configured to receive building blocks used to form one or
more of the potential MOFs. The generation module 1s further
configured to determine which of the potential MOFs that can
be formed by combining the building blocks. As used herein,
the term “module” or “unit” includes a hardware and/or soft-
ware system that operates to perform one or more functions.
For example, a module or unit may include a computer pro-
cessor, controller, or other logic-based device that performs
operations based on instructions stored on a tangible and
non-transitory computer readable storage medium, such as a
computer memory. Alternatively, a module or unit may
include a hard-wired device that performs operations based
on hard-wired logic of the device. The modules and/or units
shown 1n the attached figures may represent the hardware that
operates based on software or hardwired istructions, the
soltware that directs hardware to perform the operations, or a
combination thereof.

[0010] In another aspect, the building blocks include 1nor-
ganic building blocks, organic building blocks, and func-
tional groups.

[0011] In another aspect, the generation module 1s config-
ured to connect the 1norganic building blocks with the organic
building blocks.

[0012] In another aspect, the generation module 1s config-
ured to combine the building blocks based on at least one of
topological information or geometrical information assigned
to the building blocks.

[0013] Inanother aspect, the system also includes an evalu-
ation module configured to calculate one or more material
properties of the potential MOFs.

[0014] In another aspect, the one or more material proper-
ties include one or more of surface area, pore volume, pore
s1ze distribution, powder x-ray diffraction pattern, or methane
adsorption capability.

[0015] In another aspect, the evaluation module 1s config-
ured to perform an atomistic grand Monte Carlo stmulation to
calculate at least one of the one or more material properties.
[0016] In another embodiment, a method for generating
and/or screening one or more potential metal-organic frame-
works (MOFs) 1s provided. The method includes recerving
building blocks used to form one or more of the potential
MOFs, determining which of the potential MOF's that can be
formed by combining the building blocks, and forming the
potential MOFs based on the building blocks that can be
combined with each other.

[0017] In another aspect, the building blocks include 1nor-
ganic building blocks, organic building blocks, and func-
tional groups.

[0018] In another aspect, forming the potential MOFs
includes combining the mmorganic building blocks with the
organic building blocks.

[0019] In another aspect, forming the potential MOFs
includes combimng the building blocks based on at least one

Jun. 6, 2013

of topological information or geometrical nformation
assigned to the building blocks.

[0020] In another aspect, the method also includes calcu-
lating one or more material properties of the potential MOF's.
[0021] In another aspect, the one or more material proper-
ties include one or more of surface area, pore volume, pore
s1ze distribution, powder x-ray diffraction pattern, or methane
adsorption capability.

[0022] Inanother aspect, calculating the one or more mate-
rial properties includes performing an atomistic grand Monte
Carlo simulation to calculate at least one of the one or more
material properties.

[0023] In another embodiment, a computer readable stor-
age medium for a system having a processor 1s provided. The
computer readable storage medium includes one or more sets
ol 1nstructions that direct the processor to receive building
blocks used to form one or more of the potential MOFs,
determine which of the potential MOF's that can be formed by
combining the building blocks, and form the potential MOFs
based on the building blocks that can be combined with each
other.

[0024] In another aspect, the computer readable storage
medium 1s a tangible and non-transitory computer readable
storage medium.

[0025] In another aspect, the building blocks include 1nor-
ganic building blocks, organic building blocks, and func-
tional groups.

[0026] In another aspect, the one or more sets of mstruc-
tions direct the processor to combine the inorganic building
blocks with the organic building blocks.

[0027] In another aspect, the one or more sets of nstruc-
tions direct the processor to combine the building blocks
based on at least one of topological information or geometri-
cal information assigned to the building blocks.

[0028] In another aspect, the one or more sets of instruc-
tions direct the processor to calculate one or more material
properties of the potential MOFs.

[0029] In another aspect, the one or more material proper-
ties include one or more of surface area, pore volume, pore
s1ze distribution, powder x-ray diffraction pattern, or methane
adsorption capability.

[0030] In another aspect, the one or more sets of nstruc-
tions direct the processor to perform an atomistic grand
Monte Carlo simulation to calculate at least one of the one or
more material properties.

[0031] In another embodiment, a method for producing a
metal-organic framework (MOF) 1s provided. The method
includes combining tetramethylbenzene, phenylboronic acid
pinacol ester, and dioxane to form an organic body, drying the
organic body, mixing the organic body with potassium
hydroxide to form a solid body, mixing the solid body with
copper nitrate to form a solution, and heating the solution to
form a crystalline powder of the MOF.

[0032] In another aspect, the tetramethylbenzene 1s 1,4-
diiodo-2,3,3,6-tetramethylbenzene.

[0033] In another aspect, the phenylboronic acid pinacol
ester 1s 3,5-bis(methoxycarbonyl) phenylboronic acid pina-
col ester.

[0034] In another aspect, the method also 1includes adding
dichloromethane with the tetramethylbenzene, the phenylbo-
ronic acid pinacol ester, and the dioxane to form the organic
body.

[0035] Inanother aspect, the method also includes acidity-
ing the organic body with hydrochloric acid.
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[0036] Inanotherembodiment, the inventive subject matter
described herein can be directed to MOFs, which can be
described as polymeric crystalline structures and/or a coor-
dination product of an inorganic metal center block compo-
nent and one or more organic linker/ligand block compo-
nents. A metal of the metal center component can be any
metal capable of coordinating to one or more linker/ligand
components of the sort described herein. MOFs can have
solvent molecules coordinated to the metal centers or can be
substantially free of solvent. Pore dimension can vary, limited
only by choice of metal center and linker/ligand component
and/or substituent thereon, together with solvent or other
porogen employed or synthetic technique utilized. In various
non-limiting embodiments, the pore size of the present MOFs
can be up to about 3 A to about 11 A or more, and in specific
embodiments can be about 4 A to about 8 A.

[0037] In another aspect, each such linker/ligand compo-
nent can comprise a plurality of terminal groups for metal
center coordination, such groups as can be selected from
carboxy (protonated in the acid form, or at least partially
unprotonated as a corresponding conjugate base) and corre-
sponding nitrogenous groups (e.g., without limitation, nitrile,
pyridyl, pyrazyl, etc., as described below), and combinations
thereot, such terminal groups coupled by R, wherein R can be
a covalent bond, or moieties of the sort illustrated 1n FIG. 3
and combinations thereof coupled to one another, such linker/
ligand block components as can be optionally substituted
with one or more groups of the sort also described 1n FIG. 3.
In the context of an arylene or multicyclo linker/ligand com-
ponent, such a nitrogenous group can be considered as
replacement of a carboxy group with a ring nitrogen center to
provide the corresponding heterocyclic moiety. Alternatively,
without limitation, 1n the context of an acetylenic linker/
ligand component, such a nitrogenous group can be consid-
ered as replacement of a carboxy group with a terminal nitro-
gen to provide the corresponding nitrile.

[0038] In another aspect, the mventive subject matter can
comprise compositions of one or more of the present MOFs
together with a binder, organic viscosity-enhancing com-
pound, liquid, or combinations thereof.

[0039] In one embodiment, a system for generating and/or
screening one or more potential metal-organic frameworks
(MOFs) 1s provided. The system includes a generation mod-
ule that 1s configured to receive i1dentifications of building
blocks for determining 11 the building blocks can be used to
form one or more of the potential MOFs. The generation
module 1s further configured to determine which of the poten-
tial MOF's that can be formed by simulating a combining of
the building blocks in different arrangements.

[0040] In one embodiment, a method for generating and/or
screening one or more potential metal-organic frameworks
(MOFs) 1s provided. The method includes recerving building
blocks used to faint one or more of the potential MOFs,
determining which of the potential MOF's that can be formed
by simulating a combining of different arrangements of the
building blocks, and outputting an 1identification of the poten-
tial MOFs that can be formed from the building blocks based

on the simulating of the combining of the building blocks.

[0041] In one embodiment, a computer readable storage
medium for a system having a processor 1s provided. The
computer readable storage medium includes one or more sets
ol instructions that are configured to direct the processor to
receive an 1dentification of building blocks for one or more of
the potential MOF's, determine which of the potential MOFs
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that can be formed by performing a simulation of combining
of the building blocks, and output an identification of the
potential MOF's that can be formed from the building blocks
based on the building blocks that can be combined with each
other 1n the simulation.

[0042] In one embodiment, a metal organic framework
(MOF) 1s provided. The MOF includes a polymeric structure
of an 1norganic metal center block component; an organic
linker block component; and, optionally a solvent, said linker
block component comprising a plurality of terminal groups
selected from carboxy groups and nitrogenous groups
coupled by R, wherein R 1s selected from a covalent bond and
moieties selected from C, arylene moieties, arylene tetracar-
boxydiimide moieties, fused arylene moieties, fused arylene-
tetrayl moieties, heteroarylene moieties, di-valent multicyclo
moieties, ethynylene moieties and ethenylene moieties and
combinations of said moieties coupled one to another.

[0043] In one embodiment, a metal organic framework
(MOP) includes a polymeric crystalline structure comprising
the coordination product of a metal component selected from
/n,0, 7n,, Cu,, V0, and Zr O, an organic ligand compo-
nent selected from the ligands of FIGS. 3B-C and combina-
tions thereot, and optionally a solvent.

[0044] In one embodiment, a metal organic framework
(MOF) includes a polymeric crystalline structure of a Cu,
metal component, a ligand component of a formula

CO,H

HO,C
CO,H

CO,H

HO,C

CO,H

and optionally a solvent.

[0045] In one embodiment, a metal organic framework
(MOF) includes a polymeric crystalline structure of a Zn,O
metal component, a first ligand component of a formula

CO,H,

X
F

HO,C
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a second ligand component of a formula

</_\> —

and optionally a solvent.

[\
\ 7/

[0046] In one embodiment, a compound of a formula
CO-H
HO,C
CO,H
CO,H

HO,C

CO,H

and salts thereot 1s provided.
[0047] In one embodiment, a metal organic framework
(MOF) building block comprising a compound of a formula

CO,H

HO,C
CO,H

CO,H

HO,C

CO,H

and a metal component 1s provided.

[0048] In one embodiment, a method of gas sorption is
provided. The method includes providing a metal organic
framework (MOF) comprising a polymeric crystalline struc-
ture comprising the coordination product of a metal compo-
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nent selected from Zn, O, Zn,, Cu,, V;0,; and Zr.O., an
organic ligand component selected from the ligands of FIGS.
3B-C and combinations thereot, and optionally a solvent. The
method also includes contacting said MOF and a gas under at
least one of a pressure and a temperature suflicient for gas
sorption with said MOF.

[0049] In one embodiment, a method of using a metal
organic framework (MOF) includes building block compris-
ing a ligand component of a compound of a formula

CO,H

HO,C
CO,H

CO-.H

HO,C

CO,H

and salts thereof for methane storage. The method 1ncludes
providing a MOF comprising a building block of a compound
of a formula

CO,H

HO,C
CO,H

CO-,H

HO,C

CO,H

and a metal component, and contacting said MOF and meth-
ane under at least one of a pressure and a temperature suili-
cient for methane storage with said MOF.

[0050] In one embodiment, a metal organic framework
(MOF) 1s provided. The MOP comprises a polymeric crys-
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talline structure including the coordination product of a metal
component comprising a metal center selected from 7Zn,O,
/n,, Cu,, V;0; and Zr.O., an organic ligand component
selected from the ligands of FIGS. 3B-C and combinations
thereot, and optionally a solvent.

[0051] In one embodiment, a metal organic framework
(MOF) 1s provided that includes a polymeric crystalline
structure of a Cu, metal component, a ligand component of a
formula

CO,H

HO,C

CO-H

CO,H

HO,C

CO,H

and optionally a solvent.

[0052] In one embodiment, a metal organic framework
(MOF) 1s provided that includes a polymeric crystalline
structure of a Zn,0O metal component, a first ligand compo-
nent of a formula

CO,H,

/\‘/\
00" N N\F

a second ligand component of a formula

</_\> _

and optionally a solvent.

/\
\ /
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[0053] In one embodiment, a compound of a formula
CO,H
HOZC\Q
N N COZH
N/ N
N\
N
CO-H
N—N
HOzc\Q

CO,H

and salts thereot 1s provided.

[0054] In one embodiment, a metal organic framework
(MOP) building block 1s provided that includes a compound
of a formula

CO,H

CO,H

CO,H

and a metal component.

[0055] In one embodiment, a method of gas sorption 1s
provided. The method includes providing a metal organic
framework (MOP) that includes a polymeric crystalline
structure comprising the coordination product of a metal
component comprising a metal center selected from Zn,O,
/n,, Cu,, V,0, and Zr,O,, an organic ligand component
selected from the ligands of FIGS. 3B-C and combinations
thereol, and optionally a solvent. The method also includes
contacting said MOF and a gas under at least one of apressure
and a temperature suificient for gas sorption with said MOF.
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[0056] In one embodiment, a method of using a metal
organic framework (MOF) building block comprising a
ligand component of a formula

CO,H
HOzc\Q
N __N CO>H
N N
N
N
CO,H
N—N
H02C\Q

and salts thereof for methane storage. The method includes
providing a MOF comprising a building block that includes a
compound of a formula

CO,H
Hozc\Q

N _N CO-H

N N
N\
N
CO,H
N—N
HOZC\Q
CO,H

and a metal component; and contacting said MOF and meth-
ane under at least one of a pressure and a temperature suili-
cient for methane storage with said MOF.

[0057] In one embodiment, a container for at least one of
up-taking, storing and releasing at least one gas 1s provided.
The container includes at least one of an inlet component and
an outlet component; a pressure control component to main-
tain a gas under pressure 1n said container; and a metal organic
framework material comprising a metal organic framework
(MOF) that includes a polymeric crystalline structure com-
prising the coordination product of a metal component com-
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prising a metal center selected from Zn,0O, Zn,, Cu,, V,0,
and Zr.O, an organic ligand component selected from the
ligands of FIGS. 3B-C and combinations thereot, and option-
ally a solvent, and optionally a gas.

BRIEF DESCRIPTION OF THE DRAWINGS

[0058] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the neces-

sary iee.
[0059] The subject matter described herein will be better

understood from reading the following description of non-
limiting embodiments, with reference to the attached draw-
ings, wherein below:

[0060] FIG.1 1saschematic diagram that provides a visual
summary of one embodiment of a hypothetical MOF genera-
tion strategy;

[0061] FIG. 2 1s a schematic diagram of components of a
hypothetical MOF 1n accordance with one embodiment;

[0062] FIGS. 3A and 4 provide diagrams of a library of
several building blocks that may be used to generate a data-
base for hypothetical MOFs 1n accordance with one embodi-
ment,

[0063] FIGS. 3B and 3C provide, respectively, non-limait-
ing carboxy-terminated and analogous nitrogen-teminated
linker/ligand components corresponding to the carboxylate
building block components of FIG. 3A, as can be used in the
generation and synthesis of one or more metal organic frame-
works of the imnventive subject matter;

[0064] FIG. 35 illustrates examples of such topological
information and geometrical information;

[0065] FIG. 61llustrates a flowchart of a method for gener-
ating a hypothetical MOF 1n accordance with one embodi-
ment,

[0066] FIG. 7 illustrates two structure-property relation-
ships found 1n a database of the MOFs generated using the
techniques described above that are geometric 1n nature;

[0067] FIG. 8 illustrates a comparison of absolute methane
adsorption 1sotherms at 298 K for six diverse MOFs, using
two different sets of force field parameters;

[0068] FIG. 9illustrates comparisons of simulated methane
adsorption 1sotherms at 298 K for experimental, pseudo and

pseudo-optimized structures of (a) HKUST-1, (b) IRMOF-1,
(c) PCN-14, and (d) MIL-47;
[0069] FIG. 10 provides a partial list of the building blocks

used for screening the promising MOFs for high pressure
methane storage;

[0070] FIG. 11 illustrates the methane adsorption versus
hypothetical MOF rank for various MOF's 1n accordance with
one or more embodiments;

[0071] FIG. 12 illustrates structure-property relationships
obtained from a database of hypothetical MOFs 1n accor-
dance with one embodiment;

[0072] FIG. 13 illustrates a comparison of excess methane
adsorption 1sotherms of NOTT-107 (ligand 13b) and PCN-14
(ligand 13c¢) 1n accordance with one embodiment;

[0073] FIG. 14 illustrates simulated and experimental
methane adsorption 1sotherms for PCN-14 at 290 K and N2
1sotherm at 77K:

[0074] FIG. 15 illustrates synthesis of tetracarboxylate
ligand 4 1n accordance with one embodiment;




US 2013/0139686 Al

[0075] FIG. 16 provides powder x-ray diffraction patterns
of NOT'T-107, including both experimental (below) and
simulated (above) in accordance with one embodiment;

[0076] FIG. 17 1s a schematic diagram of one embodiment

of a system for generating potential metal-organic frame-
works (MOFs);

[0077] FIGS.18A-B provide, in accordance herewith, (A)a
schematic synthesis of the triazolyl ligand 5,5',5"-(4,4',4"-
(benzene-1,3,5-triyl)tris(1H-1,2,3-triazole-4,1-diyl))tr1-
1sophthalic acid (and salts thereotf), as can be used (B) in the
generation and synthesis of one or more metal organic frame-
works of the inventive subject matter, with a representative
metal center;

[0078] FIGS. 19A-C provide experimental crystal struc-
tures of a non-limiting representative metal organic frame-
work of the iventive subject matter, NU-125;

[0079] FIG. 20 compares simulated and actual PXRD pat-
terns of NU-125;

[0080] FIG. 21 shows methane sorption measurements, per
the National Institute of Standards and Technology (NIST)
and, by comparison, methane sorption simulated by the
inventive subject matter:;

[0081] FIG. 22 provides a schematic synthesis of a repre-
sentative non-limiting metal organic framework of the inven-
tive subject matter, wMOF-1;

[0082] FIG. 23 provides experimental crystal structures of
wMOF-1;
[0083] FIG. 24 provides a simulated PXRD pattern of

wMOF-1, in accordance with the inventive subject matter;

[0084] FIG. 25 shows BET surface area measurements for
wMOF-1; and
[0085] FIG. 26 1s a schematic diagram of one embodiment

of a MOF generation system.

DETAILED DESCRIPTION

[0086] FIG. 1 1s a schematic diagram that provides a visual
summary of one embodiment of a hypothetical MOF genera-
tion strategy or process 134. With respect to FIG. 1, black
circles or spheres 124 represent atoms belonging to one of
two 1terpenetrated frameworks. Grey spheres 126, red
spheres 128, blue spheres 130, and turquoise spheres 132
represent carbon, oxygen, nitrogen, and zinc atoms, respec-
tively. However, other atoms may be included or used. Hydro-
gen atoms have been omitted from FIG. 1 for clarity.

[0087] Crystal structures of existing MOFs 100,102 can be
obtained from x-ray diflraction data and be divided into build-
ing blocks 104, 106, 108, 110, 112. The building blocks
represent subsets or portions of the MOFs 100, 102. Alterna-
tively, a building block can represent an entire MOF (e.g.,
where an entire MOF 1s combined with one or more addi-
tional building blocks or other MOFs to form a new potential
MOF). The building blocks 104, 106, 108, 110, 112 can be
computationally combined (e.g., by the system 1700 shown
in FIG. 17) to form new, hypothetical MOFs 114, 116. The
recombination process may occur by stepwise addition of the
building blocks 104, 106, 108, 110, 112, which may be
attached at their connection sites 118 (e.g., the X’s 1in FI1G. 1).
The building blocks 104, 106, 108, 110, 112 may also be
connected across periodic boundaries 120 (e.g., shown as
hashed circles that indicate mirror 1mages 1n FIG. 1). The
process shown 1n FIG. 1 may repeat until all connection sites
118 or atleast a predetermined fraction of the connection sites
118 i1s utilized. An iterpenetrated MOF 122 may be gener-
ated 1f enough space exists.
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[0088] In accordance with one embodiment, and as
described 1n more detail below, a MOF generation procedure
creates hypothetical MOFs by recombining building blocks
derived from crystallographic data of previously synthesized
MOFs. Atoms can be grouped into building blocks based on
reagents used in the actual synthesis. A building block can
combine with one or more other (e.g., different) building
blocks provided that the geometry and chemical composition
local to the point of connection between the building blocks 1s
the same as or similar to 1n crystallographically determined
structures. Building blocks may be combined stepwise, and
when a collision occurs at particular step, a different building
block may be chosen or a different connection site may be
used, until all or at least a predetermined fraction of the
possibilities are exhausted. While the total number of steps in
cach generation process can vary, there may be at least three
steps when, 1nstead of adding a building block, a periodic
boundary 1s imposed by connecting any two building blocks
(e.g., steps 2 and 4 1n FIG. 1). When no more building blocks
can be added, the crystal generation procedure may be com-
plete. Note that no force field (or quantum mechanical)
energy minimizations may be mvolved in one embodiment.
Instead, the pieces may be connected according to the geo-
metric rules that govern how the building blocks are con-
nected 1 existing MOFs.

[0089] FIG. 2 1s a schematic diagram of components of a
hypothetical MOF 1n accordance with one embodiment. Esti-
mates on the number of possible hypothetical MOFs for a
given library or corpus of modular building blocks can be
obtained for hypothetical MOFs of no more than a finite or
designated size (from here on assumed to be 100 building
blocks or less, although a different number may be used) and
by applying several simplifying assumptions. The system
1700 shown 1n FIG. 17 may be used to determine the hypo-
thetical MOFs. First, consider the case of MOFs composed of
only one type of inorganic building block and one type of
organic building block. Let L be the number of organic build-
ing blocks (L as 1 “linkers™) and C be the number of 1nor-
ganic building blocks from which to choose (C as 1n “cor-
ners”). Linkers 200, 202 may connect with corners 204, and
vice-versa. For example, linkers 200, 202 may not directly
connect with each other and/or corners 204 may not directly
connect with each other in one embodiment. The number of
possible MOFs, N, may be represented as N=LxC, which
corresponds, for example, to 900 for L=90 (e.g., 90 linkers
200, 202) and C-10 (e.g., 10 comers 204).

[0090] Now consider the case where a unit-cell of a MOF
contains M linkers (not to be confused with L: the number of
linker types), which can be either of two types: A or B. Here
the diversity of possible structures spans two dimensions: the
ratio of A-linkers to B-linkers, and the number of possible
arrangements of A and B linkers at a fixed ratio.

[0091] Asshown in FIG. 2, MOFs that include two distinct
linkers (A-type, represented by 200, and B-type, represented
by 202) may vary 1n the ratio of A to B linkers (e.g, MOF 206
versus MOF 208) or in the arrangement of those linkers at a
fixed ratio (e.g., MOF 206 versus MOF 210). A larger frag-

ment of a schematic MOF framework 212 1s shown 1n FI1G. 2
for clanty.

[0092] A lower bound on the number of unique crystals can

be estimated by the number of ratios of component types
(e.g., a unit-cell with two A-linkers 200 and one B-linker 202
may not be the same crystal as one with one A-linker 200 and

two B-linkers 202). Calculating this lower bound can be
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similar to finding the number of unordered sets of M linkers of
L linker types (the answer 1s: M+L—-1 choose L-1). However,
two crystals, both with two A-linkers 200 and one B-linker
202 but 1n different positions, can either be physically 1den-
tical (e.g., related by a symmetry operation) or unique (for
example, 11 the corner 1s asymmetrical as in FIG. 2). An upper
bound on the number of possible crystals can be established

by forming strings such as “BBA”, “BAA”, “BAB”, and so
forth. Thus, with a library of one corner 204 and two linkers

200, 202, the number, N of possible MOFs may be repre-
sented as follows:

(M+L—1]:[3+2—1]{N{23=LM (Eqn. 1)
L—-1 2—1

4<N=<g (Eqn. 2)
[0093] If more corners 204 and linkers 200, 202 are

included 1n the library (for example, C=10, L=90), but the
constraint that MOFs may only use two linkers 200, 202
simultaneously 1s maintained, then a modified expression
may be derived for the number N of possible MOFs:

(L_l](3+2_1}—L+2 (Egn. 3)
2 2—1

(' xI.x <N < (X

L-11\,
(-2

13
“ ™2

81,000<N<241,200 (Eqn. 4)
[0094] Finally, when it 1s considered that the linkers 200,
202 may be made from modular organic components, the
number of hypothetical MOFs can increase considerably. A
linker 200, 202 can be defined as a combination of a backbone
(e.g., benzene-1,4-dicarboxylic acid) and a functional group
(e.g., methyl). Let B and F represent the number of backbones
and functional groups 1n the library, respectively. In general,
a single choice of backbone and functional group may result
in many possible linkers 200, 202, due to the number of ways
the functional group may be arranged on the backbone (e.g.,
meta-, para-, and ortho-xylene) or simply due to the total
number of functional groups (e.g., toluene vs. xylene). If 1t 1s
convervatively estimated that every backbone has a limited
number of possible arrangements for any given choice of
functional group (e.g., two), then the number of linkers, L,
can be given by:

L=BxIFx2 (Eqn. 5)

[0095] Substituting Equation 5 into Equation 3, and assum-
ing a library of 10 corners, 10 functional groups, and 80
backbones (100 building blocks total), the number of poten-
tial MOF's corresponds to a lower bound 01 25,600,000 and an
upper bound of 89,560,000. Note that all building blocks in
this library are assumed to be chemically compatible so that
every piece 1s mterchangeable (which may be a reasonable
assumption for an appropnately chosen chemical library).
Alternatively, one or more constraints may be implemented to
reduce the number of potential MOF's, such as by restricting,
one or more building blocks from being used with one or
more other building blocks.
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[0096] In one embodiment of the MOF generation proce-
dure described herein, a library of 5 corners, 42 backbones,
and 13 functional groups can be used, although not all of the
corners, backbones, and/or functional groups may be chemi-
cally and/or geometrically compatible. If 1t were the case that
all corners 1n the library could combine with all linkers (and
all backbones with all functional groups, which may not be
possible with all building blocks, such as building block 10 1n
FIG. 3), between ~35.9 and ~20.9 million entries can be
expected 1n a database of potential MOFs, rather than
approximately 137,000.

[0097] FIGS. 3A-C provide diagrams of a library 302 of
several building blocks 300 that may be used to generate a
database for hypothetical MOFs 1n accordance with one
embodiment. The library 302 shown in FIG. 3 includes sixty
building blocks 300, but alternatively may include a smaller
or larger number of building blocks 300. The building blocks
shown 1n FIG. 3 (including the nitrogen-terminated organic
analogs; see FIG. 4) may be used to generate the database of
approximately 137,000 hypothetical MOFs that are described
above. The building blocks 300 numbered 1 through 5 are
inorganic building blocks 304, the building blocks 300 num-
bered 6 through 47 are organic building blocks 306, and the
building blocks 300 numbered 48 through 60 are functional
groups 308. The inorganic building blocks 304 numbered 2
and 3 (referred to sometimes as paddlewheels) are able to
coordinate to nitrogen containing compounds (e.g., pyra-
zine). Not shown then, in FIG. 3, are one or more of the
analogous building blocks terminated by nitrogen atoms
instead of carboxylic acid groups.

[0098] The building blocks 300 shown 1n FIG. 3 are shown
with terminal carboxylate groups. In one embodiment, how-
ever, one or more of the building blocks 300 may also exist

with a nitrogen terminated group, as well, for coordinating to
paddlewheels 400, as shown in FIG. 4.

[0099] In order to recombine building blocks 300 1nto crys-
tals, additional topological and geometrical information may
be assigned to one or more of the building blocks 300 by a
system 1700 shown and described below 1n connection with
FIG. 17. FIG. S1llustrates examples of such topological infor-
mation and geometrical information. While FIG. 5 provides
some examples, other types of information, and/or other
types of topological and/or geometrical information that may
be assigned to the building blocks by the system 1700. As
shown 1n FIG. 5, encoded 1n the building blocks 300 1n a
database or other memory structure of the system 1700 may
be the (a) atom composition and geometry, (b) topological
information via numbered connection sites, and (¢) geometri-
cal information via pseudo-atoms (schematically shown as
red dots 500, green dots 502, and blue dots 504 representative
of R, G, and B pseudo atoms, respectively) and lists of angles
506 for alternative orientations.

[0100] The topological information may take the form of
numbered connection sites so that a MOF generation algo-
rithm used by the system 1700 (shown 1n FIG. 17) to generate
the potential MOFs can interpret istructions such as “con-
nect building block 2, site 3, to building block 10, site 1.7
Additionally, this information can be used as part of a termi-
nation criteria used by the system 1700 to determine when
construction of a MOF 1s complete; such as by determining
that a single MOF generation 1s complete when every con-
nection site or at least a predetermined number or fraction of
the connection sites has been connected. In one embodiment,
the geometrical information takes the form of three “pseudoa-
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toms” 500, 502, 504 and a list of angles 506 for every con-
nection site (or at least a designated number of connection
sites) 1n the building block 300. The pseudo-atoms 500, 502,
504 cach possess a coordinate 1n 3d space, as well as a label
(here referred to arbitrarily as red, green, or blue dots 300,
502, 504, or red, green, or blue dots R, G, or B. One purpose
of the pseudoatoms 500, 502, 504 1s to specily the relative
orientation of two connected building blocks 300. For
example, given two connection sites X and Y and their cor-
responding pseudo-atoms RX, GX, BX, and RY, GY, BY
(where R represents the pseudo atoms of the first dots 500, G
represents the pseudo atoms of the second dots 502, and B
represents the pseudo atoms of the third dots 504), the build-
ing blocks 300 may be oriented correctly when the coordi-
nates of RX equal RY, the coordinates of GX equal GY, and
the vector RXBX 1s anti-parallel to the vector RYBY. Finally,
if there are multiple “correct” orientations (for example, phe-
nyl rings 1n a linear chain experience multiple energy minima
of equal depth as a function of their relative orientations along
the chain axis), the list of angles can specily alternate orien-
tations, which may be equivalent to rotating the pseudo-
atoms about the RB axis by the specified angle.

[0101] The system 1700 shown 1n FIG. 17 can determine a
variety of possible combinations of building blocks 300 1n a
variety of possible arrangements to 1dentily potential MOFs.
This can be possible because the building blocks may be
numbered or otherwise separately identified 1n a database or
other memory structure of the system 1700, and also because
a variety of possible arrangements of building blocks 300 can
be written or stored as enumerable strings in the database or
other memory structure of the system 1700. For example, the
string “1, 2-3-1-2-3 as stored in the system 1700 can mean:

S e

1, 2-3-1-2-3”—place a building block of type 1 anywhere

“1, 2-3-1-2-3"—select a building block of type 2 (not yet
placed anywhere)

S e

1, 2-3-1-2-3”—select 1ts connection site 3

“1, 2-3-1-2-3”—connect the selected building block to the 1%

building block placed
“1, 2-3-1-2-3”—connect the selected connection site to the

2”4 connection site on the 1% building block
“1, 2-3-1-2-3”—rotate the selected building block using the
3" angle listed at the selected connection site

This arrangement can lead to a nonsensical connection of two
inorganic building blocks, and so the system 1700 may skip to
the next arrangement, namely, “1, 2-3-1-2-4”, and so-forth.
One embodiment of the generation procedure 1s summarized

in FIG. 6.

[0102] FIG. 6 illustrates a flowchart of a method 600 for
generating a hypothetical MOF 1n accordance with one
embodiment. The method 600 can be implemented by the
system 1700 shown 1n FIG. 17 to create a database of poten-
tial MOF's. The method 600 depicts how hypothetical MOFs
can be enumeratively generated from a library of building
blocks. At 602, 604, 606, and 608, various types of building
blocks are selected for use 1n constructing potential MOFs.
The upper and lower limits of 1, 1, k, and m can refer to the
numbered building blocks in FIG. 3. The i” and j” building
block types may be inorganic building blocks, and the m™
building block type may be a functional group building block.
At 610, a total number and arrangement of building blocks 1s
encoded 1n an enumerable string. In one embodiment of a
library of building blocks, functional groups could be con-
nected 1n a variety of locations where a hydrogen atom 1s
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otherwise bonded to a carbon atom, provided no atomic col-
lisions occur. At 612, a collision and/or incompatible chem-
1stry between building blocks may be 1dentified if any two
atoms of the building blocks were closer than one angstrom
apart 1n one embodiment. This distance was used so as not to
discard potentially interesting MOFs due slight structural
errors introduced in the generation process. Alternatively,
another distance threshold other than one angstrom 1s used. If
such a collision or incompatible chemistry 1s identified at 612,
the potential MOF that 1s attempted to be formed by the
colliding or incompatible building blocks may be discarded.
Flow of the method 600 may return to 610, where the next
building block 1s attempted to be combined and/or another
potential MOF 1s constructed.

[0103] If no such collision or incompatible chemistry 1s
identified, then flow of the method 600 may proceed to 614,
where the potential MOF formed by the building blocks 1s
exported, such as by storing the potential MOF 1n a memory
of the system 1700, outputting (e.g., displaying, printing, or
otherwise communicating) the potential MOF to a user of the
system 1700, or the like.

[0104] Inthe above example, if *“1, 2-3-1-2-3” was the nth
arrangement, then “1, 2-3-1-2-4” could be called the (n+1)”
arrangement. The number of possible arrangements for a set
of abuilding blocks may be referred to as nmax. At 616, 1none
embodiment of a screening procedure used to generate the
hypothetical MOFs, 1f no logical MOF structure could be
generated (e.g., a potential MOF that satisfies the criteria at
612 such that the method 600 proceeds from 612 to 614) in the
first 64,000 arrangements (or other number of arrangements)
of the chosen building blocks, then the arrangement string
was incremented by a large random value (e.g., “1,2-3-1-2-4”
might jump to “4, 1-3-2-4-4""). If no MOF structure could be
found after 5 such increments (or another number of incre-
ments), then the next set of building blocks was chosen (see
FIG. 6) 1n an attempt to build another, different potential
MOF. As shown 1n FIG. 6, 1f no potential MOF 1s 1dentified
alter the designated number of increments, then flow of the
method 600 can return to 608, where another m type building
block 1s selected 1 an attempt to build another potential MOF.
Alternatively, 1f a potential MOF 1s 1dentified within the des-
ignated number of increments, then flow of the method 600
may return to 610, where another compositional arrangement
of building blocks 1s formed 1n an attempt to i1dentify an
additional potential MOF. In one embodiment, the method
600 may sequentially or randomly proceed through the dif-
ferent 1”7, i, k™, and/or m” building block types until all or a
designated number of potential combinations of building
blocks are examined as potential MOFs, as shown 1n FIG. 6.
Once all or at least the designated number of combinations are

examined, the method 600 may proceed to 618.

[0105] Hypothetical MOF structures generated in accor-
dance with one embodiment can be investigated by compar-
ing coordinates of the atoms 1n the MOF structures against the
coordinates of the atoms in the experimental and energeti-
cally optimized structures. It the unit cell dimensions of two
structures differed even only slightly, however, then the dis-
tance between corresponding atoms in either structure may
eventually diverge. For at least this reason, fragments of crys-
tals that shared one atom (chosen arbitrarily) 1dentically at the
origin may be compared. These fragments were superim-
posed using the feature by the same name 1n a software
application or program such as Materials Studio provided by
Accelrys. Fragments were defined by selecting a metal atom
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center and a variety of atoms that could be reached from the
metal atom by traversing 7 bonds (an alternative approach
would have been to include atoms within a specified radius of
a chosen atom center, but this does not guarantee that each
fragment has the same total number of atoms). The program
orients and translates one fragment relative to the other such
that the interatomic distances between the atoms of both
fragments are reduced below a threshold or minimized. The
degree to which one fragment matches the other 1s measured
by the average root-mean-squared distance over all pairs of
nearest atoms 1n one embodiment. Hydrogen atoms can be
1gnored as the hydrogen atoms are often missing from crys-
tallographic data. Average differences 1n atomic positions
were less than approximately 0.1 angstrom except in the case
of the optimized PCN-14, although even 1n this case the
methane adsorption 1sotherm may not be greatly affected (see
FIG. 9 and accompanying discussion).

[0106] Table 1 below provides comparisons of generated
versus empirical structures by matching interatomic dis-
tances. The table below shows average root-mean-squared
distance between matched atoms.

TABL

(L]

1

Experimental vs. Experimental vs. Fragment Size

Pseudo Pseudo-Optimized (# of atoms)
HKUST-1 <0.001 A 0.004 A 74
IRMOF-1 0.013 A 0.032 A 77
PCN-14 0.113 A 0.696 A 74
MII-47 0.028 A 0.089 A 131
[0107] In one embodiment, these geometry optimizations

were performed with the Forcite module of Materials Studio
using an algorithm which 1s a cascade of the steepest descent,
adjusted basis set Newton-Raphson, and quasi-Newton meth-
ods. The bonded and the short range (van der Waals) non-
bonded interactions between the atoms were modeled using,
the Universal Force Field (UFF). In this force field, bond
stretching can be described by a harmonic term, angle bend-
ing by a three-term Fourier cosine expansion, torsions and
inversions by cosine-Fourier expansion terms, and the van der
Waals interactions by the Lennard-Jones potential.

[0108] In one embodiment, there may be three primary
concerns when generating hypothetical crystal structures:
Are the structures in an energetic mmimum or at a reduced
energy? Do generated hypothetical structures agree with
experimentally measured structures? How sensitive are pre-
dicted physical properties to structural inaccuracies? In order
to address these concerns, a set of generated MOF structures
can be compared to energetically relaxed counterparts of
these MOF structures via force field relaxations or minimi-
zations and also to experimentally measured MOF structures.
The mfluence of the structural differences on predicted prop-
erties can be considered, such as the influence 1n methane
adsorption by the structures.

[0109] By choosing the appropriate building blocks, crystal
structures that resembled the MOFs HKUST-1 (e.g., from
Chuw et al., A chemically functionalizable nanoporous mate-

rial [Cu;(TMA),(H,O);]n, Sciernce 283, 1148-1150 (1999)),
IRMOF-1 (e.g., from L1 et al., Design and synthesis of an
exceptionally stable and highly porous metal-organic frame-
work, Nature 402, 2776-279 (1999)), PCN-14 (e.g., from Ma
et al., Metal-organic framework from an anthracene deriva-
tive containing nanoscopic cages exhibiting high methane
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uptake, J. Am. Chem. Soc. 130,1012-1016 (2008)), and MIL-
4’7 (e.g., from Barthelet et al., A breathing hybrid organic-
inorganic solid with very large pores and high magnetic char-
acteristics, Angew. Chem. Int. Ed. 41,281-284 (2002)). These
MOFs may significantly differ in their pore topology and
chemical composition. The generated structures are referred
to as pseudo-HKUST-1, pseudo-IRMOF-1, pseudo-PCN-14,
and pseudo-MIL-47 to indicate that, albeit not hypothetical,
they are nonetheless not identical to empirical structures.
These pseudo-MOFs are then allowed to relax their structures
energetically via the UFF implemented 1n the Forcite module
in the Matenials Studio software application, as described
above. In both the relaxed and non-relaxed versions, super-
imposing the empirical and generated structures show that the
atoms match very closely, with every atom in the pseudo-
MOFs shifted from 1ts measured position typically by an
average ol less than approximately 0.1 angstroms.

[0110] Systematic screening ol hypothetical MOFs may
depend directly on the accuracy of the predicted properties
rather than indirectly on the accuracy of the crystal structures.
In one embodiment, methane adsorption 1sotherms are com-
putationally predicted for the hypothetical MOFs (experi-
mental, pseudo, and pseudo after relaxation/optimization) at
298 K using grand canonical Monte Carlo (GCMC) simula-
tions and 1n one or more of Snurr et al., Design of new
materials for methane storage, Langmuir 20, 2683-2689
(2004) and/or Snurr et al., Assessment of 1soreticular metal-
organic frameworks for adsorption separations: A molecular
simulation study of methane/n-butane mixtures, J. Phys.
Chem. B 108, 15703-15708 (2004). The predicted methane
adsorption 1sotherms matched very closely, particularly
between the experimental and pseudo-MOFs where the dis-
crepancies 1n the crystal structures were less than approxi-
mately 0.1 angstroms between atoms of each structure, as
shown 1n FIG. 9. FIG. 9 illustrates comparisons of simulated
methane adsorption 1sotherms at 298 K for experimental,
pseudo and pseudo-optimized structures of (a) HKUST-1
(top lett graph 900 of FIG. 9), (b) IRMOF-1 (top right graph
902 of F1IG. 9), (¢c) PCN-14 (bottom lett graph 904 of FIG. 9),
and (d) MIL-47 (bottom right graph 906 of FI1G. 9). The graph
900 illustrates a first curve 908 that represents simulated
methane adsorption for pseudo-optimized-HKUST-1, a sec-
ond curve 910 that represents simulated methane adsorption
for pseudo-HKUST-1, and a third curve 912 that represents
simulated methane adsorption for HKUST-1. The graph 902
illustrates a first curve 914 that represents simulated methane
adsorption for pseudo-optimized-IRMOF-1, a second curve
916 that represents simulated methane adsorption for pseudo-
IRMOF-1, and a third curve 918 that represents simulated
methane adsorption for IRMOF-1. The graph 904 1llustrates a
first curve 920 that represents simulated methane adsorption
for pseudo-optimized-PCN-14, a second curve 922 that rep-
resents simulated methane adsorption for pseudo-PCN-14,
and a third curve 924 that represents simulated methane
adsorption for PCN-14. The graph 906 1llustrates a first curve
926 that represents simulated methane adsorption for pseudo-
optimized-MIL-4"/, a second curve 928 that represents simu-
lated methane adsorption for pseudo-MIL-47, and a third
curve 930 that represents simulated methane adsorption for

MIL-47.

[0111] FIG. 17 1s a schematic diagram of one embodiment
of a system 1700 for generating and/or screening potential
MOFs. The system 1700 may be used to determine one or
more potential MOF's for various uses. For example, the sys-
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tem 1700 may be used to predict a library or database of
potential MOFs, as described above. In one embodiment, the
system 1700 1s used to carry out one or more operations
described above 1n connection with the method 600 shown 1n

FIG. 6.

[0112] The system 1700 includes an input/output assembly
1706, such as a system or assembly having an input device
(e.g., electronic mouse, stylus, touchscreen, microphone, and
the like) and an output device (e.g., the touchscreen or other
display monitor or printer). The input/output assembly 1706
1s coupled with a processor 1702, such as a computer proces-
sor, controller, or other logic-based device that operates based
on one or more sets of instructions (e.g., software applica-
tions) stored on a memory 1704 and/or hard-wired into the
circuitry of the processor 1702. The memory 1704 can
include a tangible and non-transitory computer readable stor-
age medium, such as a computer hard drive, tlash drive, CD,
DVD, and the like. A database (e.g., a list, table, or other
logical structure of information) may be stored on (or repre-
sented by) the memory 1704 that includes the library of
building blocks, the topological and/or geographical infor-
mation associated with the building blocks, the pseudo atoms
and/or angles associated with connection sites of the building
blocks, identified potential MOFs, and the like. The processor
1702 1includes or represents several functional modules,
which may be embodied 1n a single processor 1702 and/or
multiple processors 1702 operating based on sets of 1nstruc-
tions to perform various functions.

[0113] The processor 1702 includes an mput/output mod-
ule 1708 that recerves 1nput from the mput/output assembly
1706 and directs the input/output assembly 1706 to present
data to a user of the system 1700. For example, the mput/
output module 1708 may receive a user input selection of a
plurality of building blocks from which the hypothetical or
potential MOFs may be formed by the system 1700. As other
or additional mput, the module 1708 can recerve topological
and/or geometric information associated with building
blocks, pseudo atoms and/or angles associated with connec-
tion sites of the building blocks, 1dentified potential MOFs,
and the like.

[0114] A generation module 1710 creates one or more
potential MOFs based on the input recerved from the mput/
output module 1708 and/or from a library or database of
building blocks stored on the memory 1704. As described
above in connection with the method 600 shown 1n FIG. 6, the
generation module 1710 may create the potential MOFs
based on a variety of inorganic building blocks, organic build-
ing blocks, and/or functional groups. The generation module
1710 may recerve topological and/or geometrical information
assigned to the various building blocks from the input/output
module 1708 and/or from the memory 1704 and use such
information to form the potential MOFs, as described above.
The generation module 1710 may direct the input/output
module 1708 to present the user with one or more of the
potential MOFs (e.g., images of the MOFs) on the input/
output assembly 1706. For example, the assembly 1706 may
visually display the potential MOF's to the user, may print out
a hard copy image of the potential MOFs, or the like. At least
one technical effect of the system 1700 1s to take, as mnput,
various building blocks and to output potential MOFs that can
be created after attempting various combinations of the build-
ing blocks to i1dentity those MOFs that are feasible. This
output may be an electronically presented output, such as
graphics, text, and the like, presented on a graphical user
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interface of a computing device, a hard copy printed version
of the graphics, text, and the like, an audibly presented reci-
tation of the potential MOF structures, or some other output.

[0115] An evaluation module 1712 examines one or more
of the potential MOF's to estimate one or more properties of
the potential MOFs. These properties can include chemical
and/or mechanical characteristics of the potential MOFs.
Alternatively or additionally, these properties can include an
estimate cost for actually creating the potential MOFs. For
example, the building blocks that are used by the system 1700
to 1dentily the potential MOFs may be associated with esti-
mated costs for acquiring, storing, dispensing, combining,
and the like, the building blocks. These costs may be associ-
ated with the building blocks 1n the memory of the system
1700. The costs can be used to generate an estimated produc-
tion cost for producing each (or one or more of) the potential
MOFs should a user of the system 1700 desire to manufacture
the potential MOF. The estimated production costs can be
presented to the user with the potential MOFs to allow the
user to compare the potential MOFs 1n order to decide which
MOFs to produce. The evaluation module 1712 may estimate
the chemical characteristics, mechanical characteristics, and/
or costs in order to allow for the user to determine which of the
potential MOFs may be usetul for, or better than one or more

other MOF's for, providing a function, such as gas storage. As
described above, the evaluation module 1712 may estimate
one or more of surface area, pore volume, pore size distribu-
tion, powder x-ray diffraction pattern, methane adsorption
capability, or the like, associated with each of the potential
MOFs. The evaluation module 1712 can use a variety of
calculations to determine the material properties of the
MOFs. By way of example, the evaluation module 1712 may
use an atomistic grand canonical Monte Carlo simulation to
estimate adsorption 1sotherms of methane 1n the potential
MOFs. The evaluation module 1712 can output the charac-
teristics to the input/output assembly 1706 via the input/
output module 1708 so that the user can view and/or deter-
mine which potential MOF to synthesize for a particular
purpose, such as methane or other gas storage.

[0116] In one embodiment, once potential MOFs are 1den-
tified from a library of building blocks as described above, a
systematic screening process may be used to identity prom-
1sing MOF's for one or more uses, such as methane storage 1n
one example. For the generation procedure used by the sys-
tem 1700 to identily potential MOFs, a library of 60 building
blocks that varied significantly 1n their geometries, number of
connection sites, and chemical composition were used. The
system 1700 may systematically screen the potential MOF's
that are 1dentified for a variety of other applications, such as
hydrogen storage, hazardous gas storage, or the like. In one
embodiment, the evaluation module 1712 can examine one or
more of the potential MOF's that may be useful for the storage
of hazardous gases, which may include (but 1s not limited to)
acetylene, arsine, hydrogen selenide, or the like.

[0117] FIG. 26 1s a schematic diagram of one embodiment
of a MOF generation system 2500. The generation system
2500 includes a front end component 2502 that includes the
system 1700 for generating potential MOFs based on one or
more libraries of building blocks, as described above. The
generation system 2500 includes a back end component 2504
that represents a fabrication system for creating actual MOFs
from the potential MOFs generated by the system 1700. The
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back end component 2504 1includes a control umit 2506 that 1s
communicatively coupled with the system 1700 by one or
more wired and/or wireless communication connections. The
control unit 2506 1s communicatively coupled with one or
more sources 2508, 2510, 2512 of building blocks from
which the MOFs identified by the system 1700 can be fabri-

cated. For example, the sources 2508 may include containers,
tanks, or other receptacles that store and dispense inorganic
building blocks, the sources 2510 may include containers,
tanks, or other receptacles that store and dispense building
blocks, and the sources 2512 may include containers, tanks,
or other receptacles that store and dispense functional group
building blocks. Alternatively, one or more other sources or
the sources shown 1n FIG. 26 may include catalysts or other

species used to create the MOFs 1dentified by the system
1700.

[0118] The system 1700 outputs one or more potential
MOFs that are identified as described above to the control unit
2506. The system 1700 may notily the control unit 2506 as to
which building blocks are used to create the potential MOFs.
Using this information, the control unit 2506 directs or con-
trols the sources 2508, 2510, 2512 to dispense the appropniate
building blocks (or compounds having the appropriate build-
ing blocks) into a receptacle 2514 or other volume. The build-
ing blocks may be combined (e.g., either automatically under
control of the control unit 2506 or manually under control of
a human user) 1n the receptacle 2514 to create the potential

MOF identified by the system 1700. Alternatively or addi-

tionally, the system 1700 may output to the user (e.g., by
visually displaying, playing audible instructions, printing
onto paper, and the like) mnstructions on how to create the
potential MOFs that are 1dentified by the system 1700.

[0119] FIG. 10 provides a partial list of the building blocks
used for screening the promising MOFs for high pressure
methane storage. The building blocks shown 1n FIG. 3 may
provide additional building blocks. A purple group 1000, a
red group 1002, a green group 1004, and a blue group 1006
show examples of 1-, 2-, 3- and 4-connected building blocks,
respectively. The 1-connected building blocks are functional
groups while the others (that do not contain metals) are
organic building blocks. An orange group 1008 shows three
inorganic buildings blocks that are 4-, 6- and 12-connected.

[0120] The building blocks may fall conceptually into three
groups: 1norganic, organic and functional groups. Although
the generation algorithm used by the system 1700 1s normally
blind to these distinctions, 1t was constrained 1n one embodi-
ment to produce crystals with at most one kind of inorganic
building block, two kinds of organic building blocks, and one
kind of functional group. This constraint resulted 1n MOFs
that were reasonable synthetic targets. This constraint may be
removed to investigate, for example, the “multivariate”
MOFs reported 1n Deng et al., Multiple functional groups of
varying ratios in metal-organic frameworks, Science 327,
846-850 (2010), that include up to mine unique building
blocks within one crystal.

[0121] Atomaistic grand canonical Monte Carlo (GCMC)
simulations can be performed by the system 1700 to estimate
the adsorption 1sotherms of methane (CH,) 1n the hypotheti-
cal MOFs. Interaction energies between non-bonded atoms
can be computed through the Lennard-Jones (LLJ) potential
represented by:
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(Eqn. 6)
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where 1 and j are nteracting atoms, and r,, 1s the distance
between atoms 1 and J, €;; and o, are the LJ well depth and
diameter, respectively. L] parameters between atoms of dii-
ferent types can be calculated using the Lorentz-Berthelot
mixing rules (e.g., geometric average of well depths and
arithmetic average of diameters). L] parameters for frame-
work atoms can be obtained from the Universal Force Field
(UFF) described in Rappe et al., UFF, a full periodic table
force field for molecular mechanics and molecular dynamics
simulations, J. Am. Chem. Soc. 114, 10024-10035 (1992).
The methane molecules may be modeled using the TraPPE2
force field, which was oniginally fit to reproduce the vapor-
liquid coexistence curve of methane. In this force field, meth-
ane 1s modeled as a single sphere (parameters shown 1n Table
2 below). Table 2 provides LI parameters for methane and
framework atoms in hypothetical MOFs.

TABLE 2

Atom type o (A) e'kp (K)
C 3.43 52.83
O 3.12 30.19
H 2.57 22.14
N 3.26 34.72
b 25.16 2.997
Cl 3.517 114.23
Br 3.73 126.30
Zn 2.46 62.40
Cu 3.114 2.516
V 2.80 8.05
Zr 2.783 34.72
CH, 3.75 148.0

[0122] Framework parameters may be taken from the Dre-
1ding force field, Mayo et al., A generic force field for molecu-
lar simulations, J. Phys. Chem. 94, 8897-8909 (1990), and
from UFF when a parameter did not exist in Dreiding. Alter-
natively, only parameters from UFF may be used. The effect
of using parameters from Dreiding and/or UFF or using
parameters only from UFF can be examined by comparing
methane simulations using both parameter sets (Dreiding+
UFF versus UFF only) on s1ix MOF's that are diverse in chemi-
cal composition and geometry (see FIG. 8).

[0123] FIG. 8 illustrates a comparison of absolute methane
adsorption 1sotherms at 298 K for six diverse MOFs, using
two different sets of force field parameters. The red symbols
and curves 800 represent data obtained using framework
parameters taken from Dreiding when available and other-
wise with using framework parameters from UFF. The blue
symbols and curves 802 represent data obtained using frame-
work parameters taken from UFF only. The MOF structures
used include Co\DOBDC (e.g., from Dietzel et al., An 1n situ
high-temperature single-crystal investigation of a dehydrated
metal-organic framework compound and field-induced mag-
netization of one-dimensional metal-oxygen chains, Angew.
Chem. Int. Ed. 44, 6354-6338 (20035)), IRMOF-3 (e.g., from
Eddaoudi, Systematic design of pore size and functionality 1n
isoreticular MOFs and their application 1n methane storage,
Science 293, 469-4772 (2002)), MOF-177 (e.g., from Chae et
al., A route to high surface area, porosity and inclusion of
large molecules 1n crystals, Nature 427, 523-527 (2004)),
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Pd(2-pymo), (e.g., from Navarro et al., H,, N,, CO, and CO,,
sorption properties of a series of robust sodalite-type
microporous coordination polymers, /norganic Chemistry
45, 2397-2399 (2006)), UMCM-1 (Koh et al., A crystalline
mesoporous coordination copolymer with high microporos-
ity, Angew. Chem. Int. Ed. 47, 677-680 (2008)), and ZIF-8
(e.g., from Park et al., Exceptional chemical and thermal
stability of zeolitic 1midazolate frameworks, Proc. Natl.
Acad. Sci. U.S.A4. 103, 10186-10191 (2006)). Agreement was
generally good, with UFF predicting higher adsorption
capacity on average. For the purpose of large-scale screening,
the UFF parameters may be suificient to use.

[0124] The GCMC simulations of methane adsorption
included an M-cycle equilibration period followed by an
M-cycle production run, where M was 500, 2500, or 12,500
as described below (as shown 1n FIG. 11). A cycle consists of
n Monte Carlo steps; where n 1s equal to the number of
molecules (which fluctuates during a GCMC simulation).
The simulations included random insertion, deletion, and
translation moves of molecules with equal probabilities.
Atoms 1n the MOF were held fixed at their crystallographic
positions. An LJ cutoll distance of 12.8 angstroms was used
for the simulations. A 2x2x2 unit cell of every crystal was
used for the simulations.

[0125] Methane adsorption was simulated at a single pres-
sure, 35 bar, at 298 K for all crystals. In addition, a complete

1sotherm was calculated (over a wide range of pressures) for
the four MOFs (HKUST-1, IRMOF-1, PCN-14, and MIL-47)

described 1 FIG. 9. Fugacities needed to run the GCMC
simulations were calculated using the Peng-Robinson equa-
tion of state. GCMC simulations report the absolute adsorp-
tion data, which are then used to compute the excess adsorp-
tion data for comparison with experimental data using the
relation:

Nmmf:Nexcess-l_ pgasxvp (E 1. 7)

where p,,, 1s the bulk density of the gas at simulation condi-
tions, calculated with the Peng-Robinson equation of state,
and V , 1s the pore volume calculated by the helium insertion
method as described 1in Snurr et al., Effects of surface area,

free volume, and heat of adsorption on hydrogen uptake 1n
metal-organic frameworks, J. Phys. Chem. B 110, 9565-9570

(2006).

[0126] The structure labeled “MOF-#1"" 1n (1) of FIG. 11
(described below) 1s composed of building blocks 3, 31 (ni1-
trogen terminated), 35, and 52, as shown i FIG. 3. The
structure labeled “MOF-#20"1n (¢) of FIG. 11 1s composed of
building blocks 2, 19, 25 (nitrogen terminated) and 52 as
depicted 1n FIG. 3. CIF structures also are available along
with others.

[0127] The methane adsorption 1sotherm was simulated for
the PCN-14 structure as described 1n the above method, but at
290 K to better represent the experiment conducted by Ma et
al., Metal-organic framework from an anthracene derivative
containing nanoscopic cages exhibiting high methane uptake,
J. Am. Chem. Soc. 130, 1012-1016 (2008). A BET surface
area was calculated as described in Snurr et al., Applicability
of the BET method for determiming surface areas of
microporous metal-organic frameworks, J. Am. Chem. Soc
129, 8552-83556 (2007), over a pressure range of 0.003<P/
P,<0.1 from a simulated N, 1sotherm at 77 K (shown 1n FIG.
14 on the right side of the figure) using the same parameters
as above and 5000 cycles per data point.
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[0128] FIG. 14 illustrates simulated and experimental
methane adsorption 1sotherms for PCN-14 at 290 K and the
simulated N, 1sotherm at 77 K. The simulated and experimen-
tal methane adsorption 1s shown in the left side of FIG. 14
(experimental data from Ma et al.), and the simulated N,
isotherm 1s shown on the right side of FIG. 14.

[0129] By attempting several combinations of building
blocks subject to the above constraints, a total of 137,953
hypothetical MOF structures are generated in one embodi-
ment. These hypothetical MOF structures can be screened
(e.g., examined) for methane storage at 35 bar and 298 K,
and/or other properties can be calculated, such as surface
area, void fraction, pore size distribution, and powder x-ray
diffraction pattern. Screening may be performed in three
stages: each MOF was subject to short 500 cycle GCMC
simulations, then the top 7000 MOFs were subjected to 2500
cycle simulations, and finally the top 350 from the second
stage were subjected to 12500 cycles simulations.

[0130] FIG. 11 illustrates the methane adsorption versus
hypothetical MOF rank for various MOF's 1n accordance with
one or more embodiments. In the initial stage, approximately
137k MOFs were screened for methane storage at 35 bar via
short simulations (e.g., the left graph (a) 1n FIG. 11). The top
5% of the first stage (e.g., shown 1n the middle graph (b) 1n
FIG. 11) and then the top 5% of the second stage (e.g., shown
in the right graph (c¢) in FIG. 11) were recalculated using
successively longer simulations, which reduced the statistical
error significantly each time. In graphs (a) through (c), the
MOFs are rank-ordered (best to worst runs from left to nght
in FIG. 11) with statistical error indicated via bars 1100.

[0131] In(d)of FIG. 11, Pseudo-NOT'T-107 was generated
automatically by the system 1700 and method 600 described
above (“pseudo” to distinguish from the empirical structure)
and shows good methane storage capacity. In (e) and (1) of
FIG. 11, additional examples of hypothetical MOFs are pro-
vided with very high methane storage at 35 bar; the highest
value was 267 v(STP)/v. In (d) through (1) of FIG. 11, orange
spheres 1102 and green spheres 1104 represent the carbon
atoms of methyl and ethyl functional groups, respectively,
and grey spheres 1106, red spheres 1108, blue spheres 1110,
turquoise spheres 1112, and brown spheres 1114 represent
carbon, oxygen, nitrogen, zinc and copper atoms, respec-
tively. Largest pore diameters are indicated by purple spheres
1116 and hydrogen atoms have been omitted for clanty.

[0132] The thurd stage (e.g., highest quality) GCMC pre-
dictions indicate that approximately 300 MOFs have higher
methane storage capacity at 35 bar than one or more currently
known storage capacities, such a known capacity of 230
v(STP)/v. For example, one hypothetical MOF (shown 1n (1)
of FIG. 11) 1s predicted to store approximately 267 v(STP)/v
methane at 298 K.

[0133] In addition to identifying promising candidates for
methane storage, trends among various potential MOFs may
beidentified. For example, a clear linear relationship (or other
relationship) may exist between volumetric methane adsorp-
tion and volumetric surface area, but not between volumetric
methane adsorption and gravimetric surface area. Increasing
Oor maximizing gravimetric surface area can be a common
strategy 1n MOF design, but going past an “optimal” point,
such as a gravimetric surface area of approximately 2500 to
3000 m*/g, may worsen the methane storage capability of the
MOF. Despite diverse topological and chemical differences,
some of the best hypothetical MOF's share a relatively narrow
cusp of optimal void fractions around approximately 0.8 (as
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shown 1n (¢) of FIG. 12, described below). Similar to gravi-
metric surface area, a pore volume that 1s larger than an
“optimal” point may have a steeply negative effect on meth-
ane storage. MOFs with methyl, ethyl and propyl functional
groups dominate the best performers; over 75% of MOFs
with adsorption over 205 v(S8TP)/v may include methyl,
ethyl, or propyl functional groups, as shown 1n (d) and (e) of
FIG. 12.

[0134] FIG. 7 illustrates two structure-property relation-
ships found 1n a database of the MOFs generated using the
techniques described above that are geometric 1n nature. The
data shown 1n FIG. 7 suggests that volumetric surface area
may be fundamentally capped to a value determined by the
probe size used, whereas gravimetric surface area may not
show a clear limat.

[0135] FIG. 12 illustrates structure-property relationships
obtained from a database of hypothetical MOFs 1n accor-
dance with one embodiment. As shown 1n FIG. 12, the volu-
metric methane adsorption may show a clear linear relation-
ship with volumetric surface area (e.g., as shown in (a) of FIG.
12), but may not show such a relationship between volumetric
methane adsorption and gravimetric surface area (e.g., as
shown in (b) of F1G.12). InFI1G. 12, red dots 1200 correspond
to MOFs that have enough space to interpenetrate, but are not
interpenetrated. With respect to (b) i FIG. 12, methane
adsorption 1nitially increases with gravimetric surface area,
but then begins to decrease with the optimal gravimetric
surface area approximately 2500-3000 m~/g. With respect to
(¢) in FIG. 12, a void fraction of approximately 0.8 may be
optimal or better than one or more other void fractions for
volumetric methane uptake at 35 bar. As shown 1n (d) and (¢)
of FIG. 12, methyl, ethyl and propyl groups occur more
frequently 1n MOFs that have volumetric and gravimetric
methane adsorption greater than 205 v(STP)/v and 325 cm3
(STP)/g, respectively. Halogen functional groups may be sub-
optimal for methane storage and may be weakly represented
amongst the best MOFs for volumetric storage and com-
pletely absent from the top MOFs by gravimetric adsorption.
With respect to (1) of FIG. 12, MOFs 1n the database have a
range of dominant pore sizes. The inset in FIG. 12 shows that
pore sizes of 4 angstroms and 8 angstroms are more common
in the “best” MOFs, while the “worst” MOFs specifically
exclude pore sizes 1n the range of 4 to 8 angstroms. The term
“best” refers to MOFs having methane adsorption greater
than 220 v(STP)/v, but may or may not include the highest
methane adsorptions. The term “worst” refers to MOFs hav-
ing methane adsorption less than 120 v(STP)/v, but may or
may not include the lowest methane adsorptions.

[0136] Since methyl-functionalized MOFs generally have
high methane uptake (see (d) in FIG. 12) and NOTT-107 has
four methyl groups per organic linker, NOTT-107 can be
investigated as a candidate methane storage material. NOTT-
107 1s 1n the top 2% of MOFs in the database described above,
and 1t also may be attractive to study because NOTT-107 can
be easily compared to PCN-14, a MOF that 1s currently
reported to have the highest methane storage at 35 bar or a
methane storage at 35 bar that 1s higher than one or more other

MOFs.

[0137] FIG. 13 1llustrates a comparison of excess methane
adsorption 1sotherms of NOTT-107 and PCN-14 in accor-

dance with one embodiment. The 1sotherm data 1s at 298 K
except experimental data for PCN-14, which 1s taken from
Ma et al., Metal-organic framework from an anthracene
derivative containing nanoscopic cages exhibiting high meth-
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ane uptake, J. Am. Chem. Soc. 130, 1012-1016 (2008) and 1s
at 290 K. In one embodiment, NOTT-107 1s structurally 1den-
tical to PCN-14 except for the organic building block, which
has four methyl groups (e.g., as shown in (b) of FIG. 13)1n the

place of two fused aromatic rings (e.g., as shown in (¢) of FIG.
13). J. Am. Chem. Soc., 131, 2159 (2009).

[0138] These MOFs (NOTT-107 and PCN-14) may use the
same 1norganic building block and have identical topologies
and differ in the organic building block used (as shown 1n
FIG. 13). Although MOFs with many aromatic rings have
relatively high methane uptake, methyl functional groups can
have a greater effect. GCMC simulations show NOTT-107 to
be a slightly better methane storage material than PCN-14 at
298 K as shown 1n FIG. 13. Absolute storage quantities for
NOTT-107 and PCN-14 at 35 bar were calculated to be 213
v(STP)/v and 197 v(STP)/v, respectively. Note that FIG. 13
displays the excess adsorption, which 1s more directly mea-
sured 1n adsorption experiments.

[0139] From experimental measurements, simulations may
over-predict methane storage by approximately 9% at 35 bar
for NOT'T-107. This may partly be attributed to incomplete
pore activation, which 1s corroborated by a difference
between the simulated BET surface area (2207 m2/g) (e.g.,
from Snurr et al., Applicability of the BET method for deter-
mining surface areas of microporous metal-organic frame-
works, J. Am. Chem. Soc 129, 8552-8556 (2007)) versus the
measured BET surface area (1770 m2/g). The experimentally
measured methane adsorption for PCN-14 by Ma et al.,
Metal-organic framework from an anthracene derivative con-
taining nanoscopic cages exhibiting high methane uptake, J.
Am. Chem. Soc, 130, 1012-1016 (2008), at 290 K, however, 1s
significantly higher than a model predicts, which can be sur-
prising given the similarity of the PCN-14 and NOTT-107
structures (predicted adsorption 1sotherms of the two MOFs
are very similar, see (a) in FIG. 13). Taking the 8 K lower
temperature 1into account can increase the simulated absolute
adsorption to 205 v(STP)/v (from 197), but this 1s still well
below the reported value: 230 v(STP)/v (as described above
in connection with the disclosed simulations).

[0140] In the future one can also imagine the structure
generation process being more adaptive and creative. For
example, adding propyl building blocks to the library of
building blocks based on positive results using methyl and
cthyl functional groups; similar msights could lead to the
design of new building blocks which could subsequently be
ted back into the generator as an 1terative optimization strat-
egy.

[0141] It should benoted that the methods described herein
may be limited to ngid frameworks 1n one embodiment. How-
ever, the space of possible rigid frameworks 1s very large and
the screeming strategy described herein can greatly accelerate
its exploration.

[0142] While several structure-property relationships are
described herein, many others may exist and are not excluded
from the scope of the mventive subject matter described
herein. The screening method described herein may be used
for applications beyond methane storage and subsequently
synthesizing improved materials for applications such as car-
bon capture, hydrogen storage, and chemical separations,
among other uses.

[0143] All air- or water-sensitive reactions used to provide
the results described herein were carried out under a dry
nitrogen atmosphere using standard Schlenk techniques.
Reagents and reagent-grade solvents were purchased from
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cither VWR, Strem, or Aldrich Chemical Company and used
as received. Silica gel was purchased from Sorb. Tech. 'H and
"*C NMR spectra were recorded on a Bruker 500 FT-NMR
spectrometer (499.773 MHz for 'H, 125.669 MHz for '°C).
"H NMR data are reported as follows: chemical shift (multi-
plicity (b=broad singlet, s=singlet, d=doublet, dd=doublet of
doublets, ddd=doublet of doublets of doublets, t=triplet,
g=quartet, and m=multiplet), integration, and peak assign-
ments, coupling constants). 'H and '°C chemical shifts are
reported 1n ppm from TMS with residual solvent resonances
as internal standards. Powder X-ray diffraction (PXRD) data
were recorded on a Rigaku ATX-G diffractometer using
nickel-filtered Cu Ka radiation. Data were collected over the
range of 5°<2(0)<40° 1n 0.03° steps at a scan rate of 2°/min.
Supercritical CO2 processing was performed with a Tousi-
mis™ Samdn® PVT-30 critical point dryer. All manipula-
tions of activated samples were done 1n an argon atmosphere
glove box to avoid contact with water. Surface area calcula-
tions used nitrogen adsorption 1sotherms measured at 77.3
Kon a Tristar 3020 by Micromeritics. The BET surface area
was calculated between 0.003<P/P,<0.1 and the correlation
was 0.99993 and the intercept positive. An activated sample
(28 mg) was placed 1nto a preweighed glass holder. Analysis
temperature was held at a constant 77.3 K 1n a liquid nitrogen
bath. High pressure (1 to about 65 bar) methane adsorption
measurements were carried out on an HPVA-100 from V'TI
Instruments. The sample was held at 298 K 1n a circulating
water bath. A 2 cc stainless steel sample holder was loaded
with the activated sample (258 mg) in an argon atmosphere
glove box and sealed prior to analysis. All gases (He, N2, and
CH4) used for analysis were of ultra-high purity grade (>99.
99% pure) from Airgas and were used without further purifi-
cation. Microwave heating was carried out using an automatic
single-mode synthesizer (Initiator™ 2.0) from Biotage,
which produces a radiation frequency of 2.45 GHz.

[0144] FIG. 15 illustrates synthesis of tetracarboxylate
ligand 4 1n accordance with one embodiment. The synthesis
of (3) shown 1n FIG. 15 includes, in one embodiment, com-
bining 1,4-di1odo-2,3,5,6-tetramethylbenzene (shown as (1)
in FIG. 15 and can be purchased from VWR) (0.60 g, 1.55
mmol) and 3,5-Bis(methoxycarbonyl) phenylboronic acid
pinacol ester (shown as (2) 1n FIG. 15 and prepared following
Chen et al., A new multidentate hexacarboxylic acid for the

construction of porous metal-organic frameworks of diverse
structures and porosities, Cryst. Growth Des. 10, 2775-2779
(2010) (1.09 g, 3.41 mmol), K PO, (1.97 g, 9.30 mmol) and
dioxane (15 ml) 1n 10-20 ml capacity microwave vials and
degassed for 10 min with nitrogen. Pd(PPh,). (0.040 g, 0.03
mmol) was added and the vial was microwave heated with
stirring at 150° C. for 6 hours. After cooling, CH,Cl, (30 mL)
was added and the organic layer was washed with water (20
mL.x3). The organic layer was dried over MgSO, and evapo-
rated under vacuum. The resulting solid was washed with
MeOH and then dried under vacuum to give a white solid
(0.56 g, 70%). '"H NMR (500 MHz, CDCl,): 8 8.73 (t, J=1.5
Hz 2H), 8.10 (d, J=1.6 Hz, 4H), 3.99 (s, 12H), 1.94 (s, 12H);
"“C NMR (125 MHz, CDCl,) 8 166.4, 143.4, 139.8, 134.8,
132.0, 130.9, 129.1, 52.5, 18.2.

[0145] For the synthesis of (4) shown 1 FIG. 15, to a
stirring solution of 3 (1 g, 1.93 mmol) in THF (50 mL), KOH
(120 mL of a 1 M aqueous solution, 120 mmol) was added.
The mixture was refluxed for 15 hours until 1t became clear.
THF was removed using a rotary evaporator and the remain-
ing aqueous solution was acidified to pH 2 using concentrated
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HCI1 (15 mL of a 37% aqueous solution). The resulting pre-
cipitate was collected via filtration, washed with H,O (200
ml.), and dried under high vacuum to afford (4) shown in FI1G.
15 as a white solid (0.80 g 90%). 'H NMR (500 MHz,
DMSOd,): & 8.51 (s, 2H), 7.91 (s, 4H), 1.88 (s, 12H); '°C
NMR (125 Mz, CDC(Cl,) 6 166.5, 142.6, 139.3, 133.9, 131.7,
131.4,128.4,17.9.

[0146] In order to synthesize NOTT-107, in accordance
with one embodiment, a mixture of Cu(NO,),.2.5H,0O (600
mg, 2.6 mmol) and (4) shownin FIG. 15 (360mg, 0.78 mmol)
was dissolved in a mixture of DMF (60 mL ) 1n a beaker. Then
60 ml of ethanol and 24 drops of conc. HCl were added to the
solution and mixed well. This solution was divided between
15 6-dram wvials. The vials were capped and placed into an
oven at 80° C. for 24 hours. The resulting teal crystalline
powder was combined and washed with DMF.

[0147] For the activation of NOTT-107, prior to drying,
DMEFE/EtOH-solvated MOF samples were soaked 1n absolute
cthanol, replacing the soaking solution every 24 hours for 3
days. After soaking, the ethanol-containing samples were
placed inside the supercritical CO, dryer and the ethanol was
exchanged with CO,(lig.) over a period of 8 hours. During
this time, the liquid CO, was vented under positive pressure
for three minutes every two hours. The rate of venting of
CO,(l1g.) was kept below the rate of filling so as to maintain
a full or relatively full drying chamber.

[0148] Then the chamber was sealed and the temperature
was raised to 38° C. (1.e., above the critical temperature for
carbon dioxide), at which time the chamber was slowly
vented over the course of 15 hours. The color of the MOF
changed from teal to dark blue. The collected MOF sample
was then stored inside an inert-atmosphere glovebox until
turther analysis. Prior to sorption measurements, the sample
was evacuated at room temperature for three hours, then
brought to 110° C. over four hours.

[0149] FIG. 16 provides powder x-ray diffraction patterns
of NOTT-107, including both experimental (below) and
simulated (above) 1n accordance with one embodiment.

[0150] The MOFSs disclosed herein can be considered 1n the

context of coordination of an 1norganic metal center block
component with one or more organic linker/ligand block
components comprising terminal carboxy (e.g., via coordi-
nation with a carboxylate group, such group in the presence of
a suitable counter 10n such as but not limited to an alkaline or
alkaline-earth metal 1on) and/or analogous nitrogenous
groups, such linker/ligand block components of the sort rep-
resented in FIGS. 3A-C. Specific examples of metals contem-
plated include, but are not limited to, any oxidation state of
magnesium, calcium, strontium, bartum, radium, aluminum,
gallium, indium, thalllum, silicon, germamum, tin, lead,
arsenic, antimony, scandium, titanium, vanadium, chromium,
manganese, iron, cobalt, nickel, copper, zinc, yttrium, zirco-
nium, niobium, molybdenum, technetium, rubidium,
rhodium, palladium, silver, cadmium, hafnium, tantalum,
tungsten, rhenium, osmium, iridium, platinum, gold, mer-
cury, lanthanum, cermum, praseodymium, neodymium,
promethium, samarium, curopium, gadolinium, terbium,
dysprosium, holmium, erbium, thulium, and vytterbium.
Metal components that can coordinate to such ligands com-
prise metal 1ons such as but not limited to Mg2+, Ca2+, Sr2+,

Ba2+, Sc3+, Y3+, Tid+, Zrd+, Hi4+, V4+, V3+, V2+, Nb3+,
Ta3+, Cr3+, Mo3+, W3+, Mn3+4+, Mn2+, Re3+, Re2+, Feld+,
Fe2+, Ru3+, Ru2+, Os3+, Os2+, Co3+, C2+, Rh2+, Rh+,
Ir2+, Ir+, N12+, N1+, Pd2+, Pd+, Pt2+, Pt+, Cu2+, Cu+, Ag+,
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Au+, Zn2+, Cd2+, Hg2+, Al3+, Ga3+, In3+, T13+, Si14+,
S12+, Ged+, Ge2+, Snd+, Sn2+, Pb4+, Pb2+, As5+, As3+,
As+, Sb3+, Sb3+, Shb+, and B15+, B13+, and Bi+. Such metal
ions are available through corresponding metal salts, 1n con-
junction with any acceptable counter 10n(s), such as but not
limited to nitrate. In certain non-limiting embodiments, such
metals can be transition metals, such as any oxidation state of
vanadium, copper, zinc and zirconium. Specific metals and
ox1idation states contemplated for use 1 the MOFs disclosed
herein include, but are not limited to, Zrd+, V4+, V3+, Cu2+,
Cu+, and Zn2+. Without limitation, as can relate to various

MOFs 1llustrated herein, metal centers associated with 1nor-
ganic block components can include Cu2, Zn40, Zn2, V303,

and Zr6Q0e6.

[0151] As used herein, the term “polymeric crystalline
structures” can refer to polymers of inorganic metal center
block components coordinated to one or more organic linker/
ligand block components. The materials produced herein can
be “crystalline,” which refers to the ordered definite crystal-
line structure such a material which 1s unique and thus 1den-
tifiable by a characteristic X-ray diffraction pattern.

[0152] In some cases, the MOFs disclosed herein are sub-
stantially free of solvents. As used herein “substantially free”
means that solvents are present in the MOF at levels less than
1 wt % by weight of the MOF, and preferably from 0 wt % to
about 0.5 wt % by weight of the MOF. The solvent can be
removed from the MOF by exposing the MOF to elevated
temperatures under reduced pressure, or by soaking the MOF
in a low boiling solvent to exchange the coordinated solvent
tor the low boiling solvent, then exposing the MOF to reduced
pressure. The amount of solvent in the MOF can be deter-
mined by elemental analysis or other known analytical tech-
niques.

[0153] The pore size of the MOF's disclosed herein can be
altered depending upon the number of solvent molecules
coordinated or partially coordinated to the metal center. Typi-
cally, the pore size of the MOF will be about 3 A to about 11
A, but can be about 4 A to about 8 A. The Brunauer, Emmett,
and Teller (BET) surface area of the MOFs disclosed herein
can be about 100 to about 3500 m*/g. In some cases, the BET
surface area is about 100 to about 2500 m*/g, about 150 to
about 2000 m*/g, about 150 to about 1500 m*/g, about 150 to
about 1000 m*/g, and about 100 to about 250 m*/g.

[0154] As mentioned, above, one or more embodiments of
the iventive subject matter can be directed to compositions
comprising MOFs of the sort disclosed herein. Such compo-
sitions can include one or more MOF and a binder, an organic
viscosity-enhancing compound, and/or a liquid for convert-
ing the MOF 1nto a paste. Such compositions can, optionally,
be molded, extruded, co-extruded, foamed, spray dried and/
or granulated or otherwise processed to form a shaped body.
Possible configurations of such a shaped body include but are
not limited to pellets, pills, spheres, granules and extrudates,
and the like. Alternatively, such compositions can be depos-
ited or coated on or otherwise coupled to a substrate such as
but not limited to a porous support. Such a composition can
then be used as a means of storing gas, by exposing the
composition to a gas and allowing the MOF of the composi-
tion to uptake gas.

[0155] A number of inorganic compounds known 1n the art
can be used as binders. Non-limiting examples include tita-
nium dioxide, hydrated titanium dioxide, hydrated alumina or
other aluminum-containing binders, mixtures of silicon and
aluminum compounds, silicon compounds, clay minerals,
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alkoxysilanes, and amphiphilic substances. Other binders are
in principle all compounds used to date for the purpose of
achieving adhesion in powdery materials. Compounds, 1n
particular oxides, of silicon, of aluminum, of boron, of phos-
phorus, of zircontum and/or of titanium are preferably used.
Of particular interest as a binder 1s silica, where the S10, may
be introduced into the shaping step as a silica sol or 1n the form
of tetraalkoxysilanes. Oxides of magnestum and of beryllium
and clays, for example montmorillonites, kaolins, bentonites,
halloysites, dickites, nacrites and anauxites, may furthermore
be used as binders. Specific examples include tetramethox-
ysilane, tetracthoxysilane, tetrapropoxysilane and tetrabu-
toxysilane, the analogous tetraalkoxytitanium and tetraalkox-
yzirconium compounds and trimethoxy-, triethoxy-,
tripropoxy- and tributoxy-aluminum. The binder may have a
concentration of from 0.1 to 20% by weight. Alternatively, no
binder 1s used.

[0156] Inaddition, organic viscosity-enhancing substances
and/or hydrophilic polymers, e.g. cellulose or polyacrylates
can be used. The organic viscosity-enhancing substance used
may likewise be any substance suitable for this purpose.
Those preferred are organic, 1n particular hydrophilic poly-
mers, €.g., cellulose, starch, polyacrylates, polymethacry-
lates, polyvinyl alcohol, polyvinylpyrrolidone, poly-
1sobutene and polytetrahydrofuran.

[0157] There are no restrictions with regard to the optional
liguid which may be used to create a paste-like composition
of the MOFs disclosed herein. In addition to water, alcohols
may be used. Accordingly, both monoalcohols of 1 to 4 car-
bon atoms and water-miscible polyhydric alcohols may be
used. In particular, methanol, ethanol, propanol, n-butanol,
1sobutanol, tert-butanol and mixtures of two or more thereof
are used.

[0158] Amines or amine-like compounds, for example tet-
raalkylammonium compounds or aminoalcohols, and car-
bonate-containing substances, such as calcium carbonate,

may be used as further additives 1n the disclosed composi-
tions. Such further additives are described in EP-A 0389 041,

EP-A 0 200 260 and WO 95/19222, which are incorporated
tully by reference 1n the context of the present application.

[0159] Most, 1f not all, of the additive substances men-
tioned above may be removed from such a composition by
drying or heating, optionally in a protective atmosphere or
under vacuum. In order to keep the MOF intact, the compo-
sition 1s preferably not exposed to temperatures exceeding
300° C. Heating/drying the composition under the mild con-
ditions, 1n particular drying in vacuo, preferably well below
300° C., 1s sufficient to at least remove organic compounds
out of the pores of the MOF. Generally, the conditions are
adapted and chosen depending upon the additive substances
used.

[0160] The order of addition of the components (optional
solvent, binder, additives, MOF material) 1s not critical. It 1s
possible either to add first the binder, then, for example, the
MOF material and, 1f required, the additive and finally the
mixture containing at least one alcohol and/or water or to
interchange the order with respect to any of the aforemen-
tioned components.

[0161] Generally, as would be understood by those skilled
in the art, MOFs based upon the present inorganic metal
center and organic linker/ligand block components can be
prepared by known solvothermal methods, as follows. A
ligand component 1s mixed with a metal salt (e.g., a metal
nitrate) corresponding to a desired metal center (e.g., a tran-
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sition metal) 1n a molar proportion of about 1:n, where n 1s
greater than or equal to 1, 1n an organic solvent or mixture of
organic solvents, such as dimethylformamide, diethylforma-
mide, ethanol, 1sopropanol, methanol, butanol, or pyridine.
The mixture 1s reacted until crystalline material 1s formed.
Then, the solvent 1s decanted, and the resulting MOF 1s col-
lected and washed one or several times with organic solventto
afford the desired MOF material. As described above, an
MOF can then be further modified by removing coordinated
solvent molecules under elevated temperature and reduced
pressure. Confirmation of removal of all solvent molecules
from the MOF can be confirmed via elemental analysis.

[0162] More specifically, regarding the synthesis of MOF -
#1, a molar excess of a metal salt precursor of metal center
Cu, and a combination of dinitrile-terminated, ethyl-substi-
tuted cubane and N,N-dicarboxyphenyl-, ethyl-substituted
arylene diimide linker/ligand components (see components
31 and 35 of FIG. 3) are mixed 1n a suitable solvent, such as
DMEF, with subsequent introduction of ethanol and/or HCI.
After reaction at elevated temperatures for up to about 24
hours or more, MOF-#1 matenal 1s 1solated. (Reference 1s

made to the synthesis of NOT'T-107, above.)

[0163] Likewise, with reference to the synthesis of MOF-
#20, a molar excess of a metal salt precursor of metal center
/n, and a combination of ethyl-substituted naphthalene
dicarboxylate and ethyl-substituted dimtrile linker/ligand
components (see, components 19 and 25 of FIG. 3) are mixed
in a suitable solvent, such as DMF, with subsequent introduc-
tion of ethanol and/or HCI. After reaction at elevated tem-
peratures for up to 24 hours or more, MOF-#20 matenal 1s
1solated. (Reference 1s, again, made to the synthesis of NOTT-

107, above.)

[0164] Regardingmetal organic framework NU-125, a syn-
thesis for the triazolyl ligand E (LH,) 1s schematically pre-
sented 1n FIG. 18A. Compound A (20 g, 95.6 mmol) was
dissolved 1n aqueous HC1 (2 M, 1 1) 1n a 2 L round bottom
flask equipped with a magnetic stir bar. The flask was cooled
on an 1ce bath to 0 C and aqueous NaNO, (8.57 g, 124 mmol,
dissolved 1n 100 ml H,O) was added slowly to this solution.
Reaction mixture was stirred for 30 minutes and neutralized
using K,CO,. Then, aqueous NaN, (14 g, 215 mmol, dis-
solved 1n 100 ml H,O) was added slowly to the mixture and
the solution was stirred for additional 20 min. Then, reaction
mixture was filtered and washed with H,O. Remaining pre-
cipitate was dissolved in CH,Cl, and filtered and filtrate was
evaporated giving orange solid, which was redissolved 1n a
mimmum amount of CH,Cl,, and column chromatographed
over silica gel using CH,Cl, to give B as a white solid, which
was dried under high vacuum.

[0165] Yield=20.1 g (95%). 'H NMR (500 MHz, CDC],):
0 3.94 (s, 6H, —CO,CH;), 7.82 (d, J=1.5 Hz, 2H, Ar—H),
8.40 (t,J=1.5Hz, 1H, Ar—H). "°*C NMR (126 MHz, CDCl,):
0 52.74,124.09, 126.94, 132.32, 141.31, and 165.45.

[0166] 1.3,5-acetylenebenzene (C, 1.75 g, 11.7 mmol),
compound B (10 g, 45.2 mmol), CuSO,.4H,O (10 g, 45.2
mmol), and sodium ascorbate (10 g, 45.2 mmol) were added
in 1 L Schlenk flask equipped with a magnetic stir bar and a
rubber stopper. The mixture was taken 1nto a drybox and dry
DMF (600 ml) was added 1nto this solution. The solution was
capped and taken out of drybox then stirred for 24 h at 90° C.,
giving a pinkish solution with large amount of precipitate.
This suspension was filtered and the precipitate was washed

with successively with DMF (300 ml), H,O (300 ml), and
acetone (300 ml). Remaining solid was collected and dried
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under high vacuum to give the product D as ofl white solid.
Y1eld=9.9 g (97%). Product is very insoluble so NMR spectra
could not be collected. Isolated product was used 1n the fol-
lowing step without further purification.

[0167] Compound D (9.6 g, 11.2 mmol) 1s dissolved 1n
Dioxane (100 ml) in 2 L round bottom flask equipped with a
magnetic stir bar. Then, NaOH (800 ml, 3.13 M aqueous
solution, 2.5 mol) added to this solution, which turned into a
suspension. This suspension 1s refluxed for 48 h at 100° C.
until 1t become clear. Dioxane was removed using rotary
evaporator and the remaining aqueous solution was acidified
to pH 2 using concentrated HCI1 (200 mL of a 37% aqueous
solution). The resulting precipitate was collected via centrifu-
gation (6500 rpm), washed with H,O (200 mL), and drnied
under high vacuum to afford F (LHg) as off white solid.
Yield=8.5 g (98%). NMR (500 MHz, DMSO-d,): 8.52 (s, 3H,
Ar,—H), 8.58 (s, 3H, Ar,—H), 8.70 (s, 6H, Ar,—H), 9.68 (s,
3H, Triazole-H). '*C NMR (126 MHz, DMSO-d.): 6 119.6,
121.71, 123.14, 129.20, 131.04, 132.94, and 1635.55.

[0168] Regarding the synthesis of NU-125, reference 1s
made to FIG. 18B. A mixture of Cu(NO,),.2.5H,0 (1.00 g)
and 35,5.5"-(4,4'.4"-(benzene-1,3,3-triyptris(1H-1,2,3-traz-
ole-4,1-diyl))triisophthalic acid (Ligand E, above, 0.40 g)
was dissolved 1 a mixture of DMF (100 mL) 1n a 250 ml jar.
Then 50 drops of conc. HBF , were added to the solution and
mixed well. The jar was capped and placed into an oven at 80°
C. for 24 h. The resulting teal crystalline powder was com-
bined and washed with DMF.

[0169] Prior to drying, DMF-solvated MOF NU-125 was
soaked 1n ethanol, replacing the soaking solution every 24 h
for 3 days. After soaking, the ethanol-containing samples
were placed inside the supercritical CO,, dryer and the ethanol
was exchanged with CO,(liq.) over a period ot 10 h. During
this time the liquid CO, was vented under positive pressure
for three minutes every two hours. The rate of venting of
CO,(lig.) was always kept below the rate of filling so as to
maintain a full drying chamber. Then the chamber was sealed
and the temperature was raised to 38° C. (1.e., above the
critical temperature for carbon dioxide), at which time the
chamber was slowly vented over the course o1 15 h. The color
of the MOF changed from teal to dark blue. The collected
MOF sample was then stored inside an inert-atmosphere
glovebox until further analysis.

[0170] Prior to sorption measurements, the sample was
evacuated at room temperature for two hours, then brought to
110° C. over four hours. XRD data were used to generate
corresponding crystal structures (FIGS. 19A-C) and provide
a unit cell formula of C,,.H,,,N,..O,,,Cu, with a density
(calcd) 0£0.578 g/cm’. Crystal data is summarized in Table 3,
below. The values for the cell parameters (angles alpha, beta,
and gamma; spacings a, b, and ¢ 1n Angstrom) represent the
space group shown. PXRD analysis of synthesized NU-125
provided a diffraction pattern (FIG. 20) conforming to that
simulated by and thereby validating the methods and systems
of the mnventive subject matter.

TABL

L1

3

Summary of Crystal Data for NU-125

symmetry_space_ group_ name_ H-M ‘P1°

_ symmetry_ cell_ setting triclinic
__symmetry__equiv__pos_ as_ XyzZ X, VY, Z
_cell_length a 31.3109
_cell_length b 31.3109



US 2013/0139686 Al

TABLE 3-continued

Summary of Crystal Data for NU-125

_cell_length_ ¢ 44.8070
_cell_angle alpha 90.0000
_cell__angle beta 90.0000
_cell__angle gamma 90.0000

[0171] Methane adsorption measurements for NU-125
were taken as described elsewhere herein. FIG. 21 compares
storage predicted (simulated) with NIST measurements, con-
firming that metal organic framework of NU-125 achieves

parity with compressed natural gas (CNG) storage (~240v
[STP]/v) at ~65 bar.

[0172] Regarding the synthesis of wMOF-1 and with ret-
erence to FIG. 22, a mixture of Zn(NO,),x6H,O (1.00 g) and
2,6-naphthalenedicarboxylic acid (0.728 g) was sonicated 1n
DMF (30 mL) 1na 250 ml conical flask until solution became
clear. Then a solution of 1,2-di1(4-pyridyl)acetylene (0.303 g)
in DMF (10 mL) was added and resulting mixture was soni-
cated for additional 5 min. The mother solution was divided
into 4 capped 8-dram vials and placed 1nto an oven at 80° C.
tor 24 h. The resulting colorless rectangular shaped crystals
were combined and washed with DMF.

[0173] Prior to drying, DMF-solvated wMOF-1 was
soaked 1n ethanol, replacing the soaking solution every 24 h
for 3 days. After soaking, the ethanol-containing samples
were placed 1nside the supercritical CO2 dryer and the etha-
nol was exchanged with CO2(l1q.) over a period of 10 h.
During this time the liquid CO2 was vented under positive
pressure for three minutes every two hours. The rate of vent-
ing of CO2(l1q.) was always kept below the rate of filling so as
to maintain a full drying chamber. Then the chamber was
sealed and the temperature was raised to 38° C. (1.e., above the
critical temperature for carbon dioxide), at which time the
chamber was slowly vented over the course of 15 h. The
collected MOF sample was then stored inside an iert-atmo-
sphere glovebox until further analysis.

[0174] Prior to sorption measurements, the sample was
evacuated at room temperature for one hour. XRD data was
used to generate the crystal structure shown in FIG. 23 and
provide a umt cell formula of C.,H;,,N5,0,,.7n,, with a
density (calcd) 0of 0.878 g/cm”. Crystal data is summarized in
Table 4, below. The values for the cell parameters (angles
alpha, beta, and gamma; spacings a, b, and ¢ 1n Angstrom)
represent the space group shown. The PXRD diflraction pat-
tern (simulated) for wMOF-1 1s provided in FIG. 24. BET
surface area measurements for the metal organic framework
of wMOF 1 were taken as described elsewhere herein. FIG.
25 shows comparative N, adsorption 1sotherms.

TABL.

(L]

4

Summary of Crystal Data for wMOF-1.

__symmetry__space__group__name_ H-M ‘P1°
__symmetry_ cell setting triclinic
_ symmetry__equiv__pos_ as_ Xyz X, V, Z
_cell_length a 26.2067
_cell_length b 26.2067
_cell_length ¢ 32.8534
_cell__angle alpha 94.2596
_cell_angle beta 94.2596
_cell _angle gamma 94.0435
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[0175] Metal organic frameworks of this invention, such as
but not limited to NU-125 and wMOF-1, can be incorporated
into a container, as discussed elsewhere herein. For instance,
NU-125 powder or a related material 1s placed 1n a container
betore closure. One or more gases are then introduced from
an external supply source, through an inlet component using
techniques understood by those skilled 1n the art. Such a gas
includes but 1s not limited to those disclosed elsewhere
herein. In accordance with this inventive subject matter, under
a given pressure, considerably more gas (e.g., methane), 1s
stored 1n a container, as compared to a container of essentially
the same volume absent a metal organic framework of the
inventive subject matter.

[0176] The preceding, non-limiting examples and data
illustrate various aspects and features relating to the MOFs,
compositions and/or methods of one or more embodiments of
the inventive subject matter described herein. While the util-
ity of one or more embodiments of this inventive subject
matter 1s 1llustrated through the use of several MOF com-
pounds/compositions and block components and groups and/
or moieties thereof which can be used in MOF synthesis, 1t
will be understood by those skilled 1n the art that comparable
results are obtainable with various other MOFs/compositions
and block components/groups/moieties, as are commensu-
rate with the scope of one or more embodiments of the mnven-
tive subject matter, including the building block components
illustrated 1n FIG. 3. Accordingly, any such MOF and/or
composition comprising an MOF can be prepared according
to procedures of the sort described herein or would otherwise
be understood by those skilled in the art, such MOFs/compo-
sitions limited only by available metal center block, linker/
ligand and substituent group components, such components
as are commercially-available or can be prepared with suit-
able precursors through synthetic procedures known 1n the
art. Regardless, such MOF compounds and related composi-
tions can be prepared using procedures ol the sort described in
U.S. Pat. Nos. 7,824,473,7,862,647, and 7,744,842—each of
which, together with the references cited therein, 1s 1ncorpo-
rated herein by reference 1n 1ts entirety.

[0177] Nonetheless, with respect to the compounds, com-
positions and/or methods of one or more embodiments of the
inventive subject matter, such MOF compounds can suitably
comprise, consist of, or consist essentially of any of the afore-
mentioned metal center components, linker/ligand compo-
nents and moieties and/or functional/substituent groups
thereof. Each such compound, component or moiety/group
thereof 1s compositionally distinguishable, characteristically
contrasted and can be utilized in conjunction with one or more
embodiments of the mmventive subject matter separate and
apart from another. Accordingly, it should be understood that
the inventive compounds, compositions and/or methods, as
illustratively disclosed herein, can be practiced or utilized 1n
the absence of any one compound, component or moiety/
group thereof and/or step, such compound, component, moi-
ety/group and/or step which may or may not be specifically
disclosed, referenced or inferred herein, the absence of which
may or may not be specifically disclosed, referenced or
inferred herein.

[0178] In one or more embodiments, a container for up-
taking, storing and/or releasing at least one gas 1s provided,
such a container as can comprise at least one of an inlet
component and an outlet component, a pressure control com-
ponent to maintain such a gas under pressure within such a
container, and a metal organic framework material compris-
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ing a metal organic framework (MOF ) of the inventive subject
matter, and optionally a gas. Such a gas or gases can be under
a pressure up to about 10 bar, up to about 50 bar, up to about
100 bar or up to about 200 bar or more 1nside such a container.
As discussed elsewhere herein, such a container can comprise
a porous metal organic framework maternial comprising a
metal center component and one or more linker/ligand com-
ponents of the sort described herein coupled with or coordi-
nated to such a metal center component. In certain embodi-
ments, one or more such containers can be incorporated with
a gas storage system and/or a gas delivery system. In certain
other embodiments, one or more such containers can be
incorporated with a fuel cell. Regardless, such a container
and/or system can be used in conjunction with a fuel cell
and/or fuel tank for supplying power to stationary and/or
mobile and/or mobile portable applications such as but not
limited to power plants, automotive vehicles (e.g., without
limitation, cars, trucks and buses) and cordless power tools.
For example, the container may include a MOF that stores a
gas used to power one or more devices. Such a container may
be a tfuel cell (e.g., a device that uses an electrochemical
reaction involving the stored gas to produce energy for pow-
ering one or more devices), a fuel tank (e.g., a chamber that
stores the gas for supply to a device that consumes the gas for
generating energy and/or power), and the like.

[0179] The volume of such a container can be a matter of
choice and adapted to the specific needs of the respective
application for which such a container 1s used. For purpose of
non-limiting examples, the volume of such a container, as can
be used with a fuel cell on a passenger car, can be about 300
1 or less. In certain such embodiments, the volume of such a
container can be about 150 1 or about 100 1 or less. Alterna-
tively, such a container used with a fuel cell of a truck, can be
about 500 1 or less. In certain other embodiments, the volume
of such container can be about 400 1 or about 300 1 or less.
Regardless, any such container can be, for istance, used 1n
conjunction with a gas storage or gas delivery system—{ior
example, as 1n a gas station where the volume of such a
container may be within the aforementioned parameters, but
may well exceed such volumes.

[0180] As would be understood by those skilled in the art,
the geometry or configuration of such a container can be
cylindrical. Nonetheless, such containers relating to the
inventive subject matter can comprise a non-cylindrical
geometry or configuration. Accordingly, a non-cylindrical
container, together with related storage systems and/or tuel
cells can have a geometry or configuration adapted to a par-
ticular end-use application. For example, in automotive
vehicles, a space or cavity otherwise unusable can be occu-
pied with a container, storage system and/or fuel cell of the
inventive subject matter.

[0181] Regardless of geometry or configuration, a con-
tainer of the inventive subject matter can be manufactured
from a material stable when exposed to pressures of the sort
discussed above. Materials can vary depending upon a gas(es)
to be uptaken and/or stored and/or released. Such materials
include but are not limited to stainless steel and aluminum,
together with various synthetic materials composite materi-
als, fiber reinforced synthetic materials, fiber reinforced com-
posite materials, carbon fiber composite materials and com-
binations thereot, the manufacture thereot as would be known
to those skilled 1n the art made aware of the inventive subject
matter. Without limitation, such containers can be designed
and constructed to meet one or more recognized standards, 1n
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particular, such containers can meet ISO 11439 and/or NGV 2
standards for natural gas storage and use 1n conjunction with
automotive vehicles, each such standard as 1s incorporated
herein by reference 1n 1ts entirety.

[0182] In one embodiment, a system for generating and/or
screening one or more potential metal-organic frameworks
(MOFs) 1s provided. The system includes a generation mod-
ule that 1s configured to receive identifications of building
blocks for determining 11 the building blocks can be used to
form one or more of the potential MOFs. The generation
module 1s further configured to determine which of the poten-
tial MOFs that can be formed by simulating a combining of
the building blocks 1n different arrangements.

[0183] In another aspect, the system also includes a fabri-
cation system coupled with the generation module. The fab-
rication system includes one or more sources of actual build-
ing blocks that are 1dentified for the generation module. The
fabrication system 1s configured to automatically combine the
actual building blocks that are used to form the potential
MOFs as simulated by the generation module.

[0184] In another aspect, the building blocks include 1nor-
ganic building blocks, organic building blocks, and func-
tional groups.

[0185] In another aspect, the generation module 1s config-
ured to connect the morganic building blocks with the organic
building blocks.

[0186] In another aspect, the generation module 1s config-
ured to simulate the combining of the building blocks that are
identified based on at least one of topological information or
geometrical information assigned to the building blocks.
[0187] In another aspect, the generation module 1s config-
ured to determine whether two or more of the building blocks
that are 1dentified cannot be combined with each other with-
out resulting in collisions between atoms of the building
blocks 1n the simulating of the combining of the building
blocks.

[0188] Inanother aspect, the system also includes an evalu-
ation module configured to calculate one or more material
properties of the potential MOFs.

[0189] In another aspect, the one or more material proper-
ties include one or more of surface area, pore volume, pore
s1ze distribution, powder x-ray diffraction pattern, or adsorp-
tion capability.

[0190] In another aspect, the evaluation module 1s config-
ured to perform an atomistic grand Monte Carlo simulation to
calculate at least one of the one or more material properties.
[0191] Inone embodiment, a method for generating and/or
screening one or more potential metal-organic frameworks
(MOFs) 1s provided. The method includes recerving building
blocks used to form one or more of the potential MOFs,
determining which of the potential MOF's that can be formed
by simulating a combining of different arrangements of the
building blocks, and outputting an 1dentification of the poten-
tial MOF's that can be formed from the building blocks based
on the simulating of the combining of the building blocks.
[0192] In another aspect, the method also includes output-
ting instructions to a fabrication system for automatically
creating one or more of the potential MOF's from one or more
sources of the building blocks.

[0193] In another aspect, the building blocks include 1nor-
ganic building blocks, organic building blocks, and func-
tional groups.

[0194] In another aspect, determining which of the poten-
tial MOFs can be formed includes combining the building
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blocks based on at least one of topological information or
geometrical information assigned to the building blocks.

[0195] In another aspect, the method also includes calcu-
lating one or more material properties of the potential MOFs.

[0196] In another aspect, the one or more material proper-
ties mnclude surface area, pore volume, pore size distribution,
powder x-ray diffraction pattern, or adsorption capability.
[0197] Inanother aspect, calculating the one or more mate-
rial properties includes performing an atomistic grand Monte
Carlo simulation to calculate at least one of the one or more
material properties.

[0198] In one embodiment, a computer readable storage
medium for a system having a processor 1s provided. The
computer readable storage medium 1includes one or more sets
ol instructions that are configured to direct the processor to
receive an 1dentification of building blocks for one or more of
the potential MOF's, determine which of the potential MOFs
that can be formed by performing a simulation of combining,
of the building blocks, and output an identification of the
potential MOF's that can be formed from the building blocks
based on the building blocks that can be combined with each
other 1n the simulation.

[0199] In another aspect, the computer readable storage
medium 1s a tangible and non-transitory computer readable
storage medium.

[0200] In another aspect, the one or more sets of struc-
tions are configured to direct the processor to automatically
direct a fabrication system having one or more sources of the
building blocks to create one or more of the potential MOFs.

[0201] In another aspect, the building blocks include 1nor-
ganic building blocks, organic building blocks, and func-
tional groups.

[0202] In another aspect, the one or more sets of mstruc-

tions are configured to direct the processor to combine the
inorganic building blocks with the organic building blocks.

[0203] In another aspect, the one or more sets of instruc-
tions are configured to direct the processor to combine the
building blocks based on at least one of topological informa-
tion or geometrical mmformation assigned to the building

blocks.

[0204] In another aspect, the one or more sets of struc-
tions are configured to direct the processor to calculate one or
more material properties of the potential MOF's.

[0205] In another aspect, the one or more material proper-
ties include one or more of surface area, pore volume, pore
s1ze distribution, powder x-ray diffraction pattern, or adsorp-
tion capability.

[0206] In another aspect, the one or more sets of mstruc-
tions are configured to direct the processor to perform an
atomistic grand Monte Carlo simulation to calculate at least
one of the one or more material properties.

[0207] In one embodiment, a metal organic framework
(MOF) 1s provided. The MOF includes a polymeric structure
of an 1norganic metal center block component; an organic
linker block component; and, optionally a solvent, said linker
block component comprising a plurality of terminal groups
selected from carboxy groups and nitrogenous groups
coupled by R, wherein R 1s selected from a covalent bond and
moieties selected from C, arylene moieties, arylene tetracar-
boxydimide moieties, fused arylene moieties, fused arylene-
tetrayl moieties, heteroarylene moieties, di-valent multicyclo
moieties, ethynylene moieties and ethenylene moieties and
combinations of said moieties coupled one to another.
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[0208] Inanother aspect, the MOF is substantially absent a
solvent.
[0209] Inanother aspect, a said linker component 1s substi-

tuted with at least one group selected trom halo, C, -C, alkyl,
amino, phenyl, hydroxy, cyano, and C,-C, alkoxy groups and
combinations thereof.

[0210] In another aspect, the metal of a said metal center

block component 1s selected from a component comprising
Mg2+, Ca2+, Sr2+, Ba2+, Sc+, Y3+, Tid+, Zrd+, Hid+, V4 +,

V3+, V24, Nb3+, Ta3+, Cr3+, Mo3+, W3+, Mn3+, Mn2+,
Re3+, Re2+, Fed+, Fe2+, Ru3+, Ru2+, Os3+, Os2+, Co3+,
C2+, Rh2+, Rh+, Ir2+, Ir+, N12+, N1+, Pd2+, Pd+, Pt2+, Pt+,
CuZ+,Cu+,Ag+, Au+, Zn2+, Cd2+, Hg2+, Al3+, Ga3+, In3+,
T13+4, S14+, S12+, Ged+, Ge2+, Snd+, Sn2+, Pbd+, Pb2+,
AsS5+,As3+, As+, Sb5+, Sb3+, Sb+, and B15+, B13+, and B1+.
[0211] In another aspect, said metal center block compo-
nent 1s selected from Zn, 0O, Zn,, Cu,, V,0; and ZrO.
[0212] In another aspect, said metal center 1s Cu,.

[0213] In another aspect, the MOF includes nitrogenous
linker component

and linker component

O O
: Daw :
OO
aSs 229 %atal
O O
[0214] Inanotheraspect, at least one said linker component
1s substituted with at least one ethyl group.
[0215] In another aspect, each said linker component is

substituted with a plurality of ethyl groups, and the pore size
is about 4- about 8 A.

[0216] In another aspect, said metal center 1s Zn.,.
[0217] In another aspect, the MOF includes linker compo-
nent

O
Daw;
0
O

and nitrogenous linker component NC—CN.

[0218] Inanotheraspect, at least one said linker component
1s substituted with at least one ethyl group.

[0219] In another aspect, each said linker component 1s
substituted with a plurality of ethyl groups, and the pore size
is about 4- about 8 A.

[0220] In another aspect, the MOP 1s 1n a composition
comprising one or more of a binder, an organic viscosity-
enhancing agent and a liquid.

[0221] In one embodiment, a metal organic framework
(MOF) includes a polymeric crystalline structure comprising
the coordination product of a metal component selected from
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/n,0, Zn,, Cu,, V0, and Zr O, an organic ligand compo-
nent selected from the ligands of FIGS. 3B-C and combina-
tions thereot, and optionally a solvent.

[0222] In another aspect, said metal component 1s selected
from Cu, and Zn,O.

[0223] In another aspect, the MOF i1s 1n a composition
comprising one or more of a binder, an organic viscosity-
enhancing agent and a liquid.

[0224] In another aspect, the MOF 1s substantially absent a
solvent.
[0225] In one embodiment, a metal organic framework

(MOF) 1ncludes a polymeric crystalline structure of a Cu,
metal component, a ligand component of a formula

CO,H

HO,C

CO,H

CO,H

HO,C

CO,H

and optionally a solvent.

[0226] In another aspect, the MOF is substantially absent a
solvent.
[0227] In another aspect, the MOF 1s a composition coms-

prising one or more ol a binder, an organic viscosity-enhanc-
ing agent and a liquid.

[0228] In one embodiment, a metal organic framework
(MOF) includes a polymeric crystalline structure of a Zn,O
metal component, a first ligand component of a formula

CO,H,

/\‘/\
S Y

e

a second ligand component of a formula

</_> _

and optionally a solvent.

[0229] In another aspect, the MOF is substantially absent a
solvent.

/\
\ 7/
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[0230] In another aspect, the MOF 1s 1n a composition
comprising one or more of a binder, an organic viscosity-
enhancing agent and a liquid.

[0231] In another embodiment, a compound of a formula
CO,H
H02C\Q
N N CO,H
N/ N
W
N
CO,H
N—N
HOgC\Q

CO,H

and salts thereot 1s provided.

[0232] In another embodiment, a metal organic framework
(MOF) building block comprising a compound of a formula

CO,H
H02C\Q
N N CO,H
N N
N\
N
COH
N—N
HOZC\Q
CO,H

and a metal component 1s provided.
[0233]

[0234] In one embodiment, a method of gas sorption 1is
provided. The method includes providing a metal organic
tframework (MOP) comprising a polymeric crystalline struc-
ture comprising the coordination product of a metal compo-
nent selected from Zn, O, Zn,, Cu,, V,0, and Zr.O., an
organic ligand component selected from the ligands of FIGS.
3B-C and combinations thereot, and optionally a solvent. The

In another aspect, the metal component 1s Cu,.



US 2013/0139686 Al

method also includes contacting said MOF and a gas under at
least one of a pressure and a temperature suilicient for gas
sorption with said MOF.

[0235] In another aspect, said gas comprises methane.
[0236] In one embodiment, a method of using a metal
organic framework (MOF) includes building block compris-
ing a ligand component of a compound of a formula

CO,H
HOZC\Q
N N CO>H
N N
N
N
CO,H
N—N
HOZC\Q
CO,H

[0237] and salts thereof for methane storage. The method
includes providing a MOF comprising a building block of a
compound of a formula

CO,H
H02C\Q
N _N CO,H
N/ N
N
N
CO,H
N—N
HOEC\Q

CO,H

and a metal component, and contacting said MOF and meth-
ane under at least one of a pressure and a temperature suili-
cient for methane storage with said MOF.

[0238] In another aspect, said metal component of said

building block 1s Cu,.
[0239] In another aspect, said methane storage 1s about

240v[STP]/v at about 65 bar.
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[0240] In one embodiment, a metal organic framework
(MOF) 1s provided. The MOF comprises a polymeric crys-
talline structure including the coordination product of a metal
component comprising a metal center selected from 7Zn,O,
/n,, Cu,, V,0, and Zr O, an organic ligand component
selected from the ligands of FIGS. 3B-C and combinations
thereol, and optionally a solvent.

[0241] In another aspect, said metal center 1s selected from
Cu, and Zn,0.
[0242] In another aspect, the MOF 1s 1n a composition

comprising one or more of a binder, an organic viscosity-
enhancing agent, and a liquud.

[0243] In another aspect, the MOF 1s substantially absent a
solvent.
[0244] Inanotheraspect, the embodiment includes a sorbed

gas selected from hydrogen, oxygen, nitrogen, the noble
gases, acetylene, methane, ethane, propane, natural gases,
synthesis gases, carbon monoxide, carbon dioxide, arsine,
hydrogen selenide, and combinations thereof.

[0245] In another aspect, the embodiment includes sorbed
natural gas.
[0246] In one embodiment, a metal organic framework

(MOF) 1s provided that includes a polymeric crystalline
structure of a Cu, metal component, a ligand component of a

formula

CO,H

HO,C

CO-H

CO,H

HO,C

CO,H

and optionally a solvent.

[0247] In another aspect, the MOF is substantially absent a
solvent.
[0248] In another aspect, the MOF 1s 1n a composition

comprising one or more of a binder, an organic viscosity-
enhancing agent, and a liqud.

[0249] Inanotheraspect, the embodiment includes a sorbed
gas selected from hydrogen, oxygen, nitrogen, the noble
gases, acetylene, methane, ethane, propane, natural gases,
synthesis gases, carbon monoxide, carbon dioxide, arsine,
hydrogen selenide, and combinations thereof.

[0250] In another aspect, the embodiment includes sorbed
natural gas.
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[0251] In another embodiment, a metal organic framework
(MOF) 1s provided that includes a polymeric crystalline
structure of a Zn,0O metal component, a first ligand compo-
nent of a formula

CO,H,

=

[
NN

HO,C

a second ligand component of a formula

O—0

and optionally a solvent.

[0252] Inanother aspect, the MOF is substantially absent a
solvent.
[0253] In another aspect, the MOF 1s 1n a composition

comprising one or more of a binder, an organic viscosity-
enhancing agent, and a liquid.

[0254] In one embodiment, a compound of a formula
CO,H
HO,C
CO-H
CO>H
HO,C

CO,H

and salts thereol 1s provided.

[0255] In one embodiment, a metal organic framework
(MOF) building block 1s provided that includes a compound
of a formula
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CO,H

HO,C

CO-H

CO,H

HO,C

CO,H

and a metal component.

[0256] In another aspect, said metal component 1s Cu,.
[0257] In one embodiment, a method of gas sorption is
provided. The method includes providing a metal organic
framework (MOF) that includes a polymeric crystalline
structure comprising the coordination product of a metal
component comprising a metal center selected from Zn,O,
/n,, Cu,, V,0, and Zr O, an organic ligand component
selected from the ligands of FIGS. 3B-C and combinations
thereol, and optionally a solvent. The method also includes
contacting said MOF and a gas under at least one of apressure
and a temperature suificient for gas sorption with said MOF.
[0258] In another aspect, the MOF includes comprising a
sorbed gas selected from hydrogen, oxygen, nitrogen, the
noble gases, acetylene, methane, ethane, propane, natural
gases, synthesis gases, carbon monoxide, carbon dioxide,

arsine, hydrogen selenide, and combinations thereof.

[0259] In another aspect, the MOF includes sorbed natural
gas.

[0260] In another aspect, said gas comprises methane.
[0261] In one embodiment, a method of using a metal

organic framework (MOF) building block comprising a
ligand component of a formula

CO,H

HO,C

CO,H

CO,H

HO,C

CO,H
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and salts thereof for methane storage. The method includes
providing a MOF comprising a building block that includes a
compound of a formula

CO,H

HO,C

CO,H

CO,H

HO,C

CO,H

and a metal component; and contacting said MOF and meth-
ane under at least one of a pressure and a temperature suili-
cient for methane storage with said MOF.

[0262] In another aspect, said metal component of said
building block 1s Cu,.

[0263] In another aspect, said methane storage 1s at least
about 240v[STP]/v at least about 65 bar.

[0264] In one embodiment, a container for at least one of
up-taking, storing and releasing at least one gas 1s provided.
The container includes at least one of an inlet component and
an outlet component; a pressure control component to main-
tain a gas under pressure 1n said container; and a metal organic
framework material comprising a metal organic framework
(MOF) that includes a polymeric crystalline structure com-
prising the coordination product of a metal component com-
prising a metal center selected from Zn,O, Zn,, Cu,, V,0,
and Zr. O, an organic ligand component selected from the
ligands of FIGS. 3B-C and combinations thereot, and option-
ally a solvent, and optionally a gas.

[0265] In another aspect, the container includes a gas
therein that 1s selected from hydrogen, oxygen, nitrogen, the
noble gases, acetylene, methane, ethane, propane, natural
gases, synthesis gases, carbon monoxide, carbon dioxide,
arsine, hydrogen selenide, and combinations thereof.

10266]

[0267] In another aspect, said metal organic framework
material comprises a MOF that includes a polymeric crystal-
line structure of a Cu, metal component, a ligand component
of a formula

In another aspect, said gas comprises natural gas.
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CO,H

HO,C

CO,H

CO,H

HO,C

CO,H

and optionally a solvent.

[0268] In another aspect, the container includes a gas
therein that 1s selected from hydrogen, oxygen, nitrogen, the
noble gases, acetylene, methane, ethane, propane, natural
gases, synthesis gases, carbon monoxide, carbon dioxide,
arsine, hydrogen selemide, and combinations thereof.

10269]

[0270] In another aspect, the container 1s incorporated into
a gas storage system.

In another aspect, said gas comprises natural gas.

[0271] In another aspect, the container 1s incorporated into
a fuel cell.
[0272] In another aspect, the container 1s incorporated into

a fuel cell of an automotive vehicle.

[0273] In another aspect, the container i1s selected from
cylindrical and non-cylindrical configurations.

[0274] It 1s to be understood that the above description 1s
intended to be illustrative, and not restrictive. For example,
the above-described embodiments (and/or aspects thereof)
may be used in combination with each other. In addition,
many modifications may be made to adapt a particular situa-
tion or material to the teachings of the mmventive subject
matter described herein without departing from 1ts scope.
While the dimensions and types of materials described herein
are mntended to define the parameters of one or more embodi-
ments of the inventive subject matter, they are by no means
limiting and are example embodiments. Many other embodi-
ments will be apparent to one of ordinary skill 1n the art upon
reviewing the above description. The scope of the subject
matter described herein should, therefore, be determined with
reference to the appended clauses, along with the full scope of
equivalents to which such clauses are enfitled. In the
appended clauses, the terms “including”™ and “1n which”™ are
used as the plain-English equivalents of the respective terms
“comprising” and “wheremn.” Moreover, in the following
clauses, the terms ““first,” “second,” and “third,” etc. are used
merely as labels, and are not intended to impose numerical
requirements on their objects. Further, the limitations of the
tollowing clauses are not written 1n means-plus-function for-
mat and are not intended to be interpreted based on 35 U.S.C.
§112, sixth paragraph, unless and until such clause limita-
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tions expressly use the phrase “means for” followed by a
statement of function void of further structure.

[0275] This written description uses examples to disclose
several embodiments of the inventive subject matter and also
to enable any person of ordinary skill in the art to practice the
embodiments disclosed herein, including making and using
any devices or systems and performing any incorporated
methods. The patentable scope of the subject matter 1s defined
by the clauses, and may include other examples that occur to
one of ordinary skill in the art. Such other examples are
intended to be within the scope of the clauses 11 they have
structural elements that do not differ from the literal language
of the clauses, or 1f they include equivalent structural ele-
ments with insubstantial differences from the literal lan-
guages of the clauses.

[0276] The foregoing description of certain embodiments
of the disclosed subject matter will be better understood when
read 1n conjunction with the appended drawings. To the extent
that the figures illustrate diagrams of the functional blocks of
various embodiments, the functional blocks are not necessar-
ily indicative of the division between hardware circuitry.
Thus, for example, one or more of the functional blocks (for
example, processors or memories) may be implemented 1n a
single piece of hardware (for example, a general purpose
signal processor, microcontroller, random access memory,
hard disk, and the like). Stmilarly, the programs may be stand
alone programs, may be incorporated as subroutines 1n an
operating system, may be functions in an 1nstalled software
package, and the like. The various embodiments are not lim-
ited to the arrangements and instrumentality shown 1n the
drawings.

[0277] As used herein, an element or step recited 1n the
singular and proceeded with the word “a” or “an” should be
understood as not excluding plural of said elements or steps,
unless such exclusion 1s explicitly stated. Furthermore, refer-
ences to “one embodiment™ of the inventive subject matter are
not intended to be interpreted as excluding the existence of
additional embodiments that also incorporate the recited fea-
tures. Moreover, unless explicitly stated to the contrary,
embodiments “comprising,” “including,” or “having” an ele-
ment or a plurality of elements having a particular property
may include additional such elements not having that prop-
erty.

[0278] Since certain changes may be made 1n the above-
described systems and methods, without departing from the
spirit and scope of the subject matter herein mvolved, 1t 1s
intended that all of the subject matter of the above description
or shown 1n the accompanying drawings shall be interpreted
merely as examples illustrating the inventive concepts herein
and shall not be construed as limiting the disclosed subject
matter.

1. A metal organic framework (MOF) comprising a poly-
meric crystalline structure comprising the coordination prod-
uct of a metal component comprising a metal center selected
trom Zn,O, Zn,, Cu,, V,0, and 7Zr.O,, an organic ligand
component selected from the ligands of FIGS. 3B-C and
combinations thereot, and optionally a solvent.

2. The MOF of claim 1, wherein said metal center 1s
selected from Cu, and Zn,O.

3. The MOF of claim 1 1n a composition comprising one or
more of a binder, an organic viscosity-enhancing agent, and a
liquad.

4. The MOF of claim 3 substantially absent a solvent.
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5. The MOF of claim 1 comprising a sorbed gas, said gas
selected from hydrogen, oxygen, nitrogen, the noble gases,
acetylene, methane, ethane, propane, natural gases, synthesis
gases, carbon monoxide, carbon dioxide, arsine, hydrogen
selenide, and combinations thereof.

6. The MOF of claim 5 comprising sorbed natural gas.

7. A metal organic framework (MOF) comprising a poly-

meric crystalline structure of a Cu, metal component, a ligand
component of a formula

CO,H

HO,C

CO,H

CO,H

HO,C

CO,H

and optionally a solvent.

8. The MOF of claim 7 substantially absent a solvent.

9. The MOF of claim 7 1in a composition comprising one or
more of a binder, an organic viscosity-enhancing agent, and a
liquad.

10. The MOF of claim 7 comprising a sorbed gas, said gas
selected from hydrogen, oxygen, nitrogen, the noble gases,

acetylene, methane, ethane, propane, natural gases, synthesis
gases, carbon monoxide, carbon dioxide, arsine, hydrogen

selenide, and combinations thereof.
11. The MOF of claim 10 comprising sorbed natural gas.
12. A metal organic framework (MOP) comprising a poly-

meric crystalline structure of a Zn,0O metal component, a first
ligand component of a formula

CO,H,

X

F

HO,C

a second ligand component of a formula

O—C

and optionally a solvent.
13. The MOF of claim 12 substantially absent a solvent.
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14. The MOF of claim 12 1n a composition comprising one
or more ol a binder, an organic viscosity-enhancing agent and
a liquad.

15. A compound of a formula

CO,H
HOEC\Q
N N CO,H
N N
A\N
N
COH
/f
N—N
H02C\Q

CO,H

and salts thereot.

16. A metal organic framework (MOF) building block
comprising a compound of a formula

CO.H
Hozc\Q
N N CO,H
N/ N
W\
N
CO,H
N—N
HOEC\Q

CO,H

and a metal component.
17. The MOF building block of claim 16, wherein said
metal component 1s Cu,.
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18. A method of gas sorption, said method comprising
providing a metal organic framework (MOF) of claim 1; and
contacting said MOF and a gas under at least one of a pressure
and a temperature suificient for gas sorption with said MOF.

19. The method of claim 18 wherein the MOF comprises a
sorbed gas, said gas selected from hydrogen, oxygen, nitro-
gen, the noble gases, acetylene, methane, ethane, propane,
natural gases, synthesis gases, carbon monoxide, carbon
dioxide, arsine, hydrogen selenide, and combinations thereof.

20. The method of claim 19 wherein the MOF comprises
sorbed natural gas.

21. The method of claim 15, wherein said gas comprises
methane.

22. A method of using a metal organic framework (MOF)
building block comprising a ligand component of claim 15 for
methane storage, said method comprising;

providing a MOF comprising a building block of claim 41;

and

contacting said MOF and methane under at least one of a

pressure and a temperature suificient for methane stor-
age with said MOF.

23. The method of claim 22 wherein said metal component
of said building block 1s Cu,,.

24. The method of claim 23 wherein said methane storage
1s at least about 240v[STP]/v at least about 65 bar.

25. A container for at least one of up-taking, storing and
releasing at least one gas, said container comprising at least
one of an inlet component and an outlet component; a pres-
sure control component to maintain a gas under pressure 1n
said container; and a metal organic framework material com-
prising a metal organic framework (MOP) of claim 1, and
optionally a gas.

26. The container of claim 25 comprising a gas therein, said
gas selected from hydrogen, oxygen, nitrogen, the noble
gases, acetylene, methane, ethane, propane, natural gases,
synthesis gases, carbon monoxide, carbon dioxide, arsine,
hydrogen selenide, and combinations thereof.

277. The container of claim 26, wherein said gas comprises
natural gas.

28. The container of claim 25, wherein said metal organic
framework material comprises a MOF of claim 7.

29. The container of claim 28 comprising a gas therein, said
gas selected from hydrogen, oxygen, nitrogen, the noble
gases, acetylene, methane, ethane, propane, natural gases,
synthesis gases, carbon monoxide, carbon dioxide, arsine,
hydrogen selenide, and combinations thereof.

30. The container of claim 29, wherein said gas comprises
natural gas.

31. The container of claim 25 incorporated 1nto a gas stor-
age system.

32. The container of claim 25 incorporated into a fuel cell.

33. The container of claim 32 incorporated 1nto a fuel cell
of an automotive vehicle.

34. The container of claim 25 selected from cylindrical and
non-cylindrical configurations.
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